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Groundwater is one of the most important water resources for domestic use and 
economic development in the Mekong Delta, and those anthropogenic activities cause a 
variety of issues in the groundwater. Especially, excessive groundwater pumping in deep 
aquifer under 200 m depth causes serious drawdown of groundwater level and 
groundwater resource depletion in there. Therefore, clarifying the effect of groundwater 
recharge for shallow groundwater from surface water; and investigating the role of those 
sources of the groundwater flow in deep aquifers under pumping activities and different 
typical land use and inundation condition during flooding season area important for 
sustainable water resource management in the Mekong Delta. 
Water samples were collected from the Mekong River water, the channel water, and 
the groundwater in shallow and deep aquifers in January (dry season) 2013 and August 
(rainy season) 2014, and stable isotopic ratio of Hydrogen (δ2H) and Oxygen (δ18O), 
solute ions concentrations are determined on all water samples. Shallow aquifers at the 
depth of 0 to 100 m are separated into 1st and 2nd aquifers, and deep aquifers at the depth 
of 200 to 450 m are separated into 5th to 8th aquifers. In addition to the field surveys, the 
existed data related to Mekong River water, groundwater level, groundwater pumping 
rate and hydrological information are also collected.  
Considering the inundation condition during flooding period and land use conditions, 
Dong Thap Province is separated into 4 regions; those are flooded area covered by larger 
wetland forest and inundation during flooding season, paddy field covered by crop rice 
and partly affected by flood in rainy season, fruit garden dominated by fruit tree and not 
affected by flood, and Tay Island covered by crop field and surrounded by Mekong River. 
The groundwater level in shallow and deep aquifers responses with Mekong River 





aquifer. Geochemical and stable isotopic compositions of 1st aquifer is similar with that 
of surface water, suggesting an important role of surface water in shallow groundwater 
recharge. Contribution ratio of Mekong River water to the 1st and 2nd aquifers is estimated 
to be 33 to 95% in Tay Island and 70 to 90% in central area of Tay Island, whereas that 
of channel water to the 2nd aquifer is estimated to be 44 to 74% in other regions based on 
End Member Mixing Analysis. 
Chemical composition of groundwater in deep aquifers was principally characterized 
by Na- HCO3 type, though ratio of Ca
2+ in total cation in the deep aquifers is a little higher 
in flooded area as compared with that in other regions. Also, the stable isotopic 
composition of the groundwater in the deep aquifers is a little higher as compared with 
that in other regions. Considering the temporal change of deep groundwater synchronized 
with the Mekong River, these suggest that surface water in flooded area makes an 
important role in groundwater recharge of deep aquifers.  
Horizontal component of groundwater flux in the deep aquifers is estimated to be the 
same order as pumping rate in flooded area based on Darcy’s Law, suggesting that 
pumping of the groundwater may cause enhancement of groundwater recharge by the 
surface water in the flooded area. Also, excessive pumping in the deep aquifers causes’ 
clay compaction leading to release of the water from clay into aquifer, and ion exchange 
process in the deep groundwater becomes active. It is possible that surrounded mountain 
and upstream regions may be recharge area for maintaining the base groundwater flow in 
the deep aquifers, and over pumping may cause enhanced recharge from surface water 
into the deep aquifers in flooded area.  
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CHAPTER 1      INTRODUCTION 
1.1 Current status and issues of groundwater usage in 
the world 
 
Groundwater-the world's largest freshwater resource-is critically important for irrigated 
agriculture and hence for global food security (Aeschbach-Hertig and Gleeson, 2012). 
Groundwater extraction has facilitated significant social development and economic growth, 
enhanced food security and alleviated drought in many farming regions. However, excessive 
extraction groundwater has also depressed water tables, degraded ecosystems and led to the 
deterioration of groundwater quality, as well as to conflict among water users (Oki and Kanae, 
2006). It also is the main cause of the depletion is widespread in large groundwater systems in both 
semi-arid and humid regions of the world (Fogg and LaBolle, 2006, Gleeson et al., 2010, Wada et 
al., 2010, Wada et al., 2012).  
Over the past 30-40 years, for sustainable groundwater resources management, a lot of related 
researches have been largely focused on issues of groundwater contamination and quality as well 
as more recently on groundwater flow regime, groundwater recharge system, and groundwater-
surface water interactions (Sophocleous, 2002, Gleeson and Cardiff, 2013).  
In the other hand, in the Bengal basin in growing reliance on groundwater sourced below 150 
m depth for domestic use, where arsenic concentrations tend to be lower, has reduced exposure. 
Groundwater flow simulations have suggested that these deep waters are at risk of contamination 
due to replenishment with high arsenic groundwater from above (Radloff et al., 2011). The 
excessive groundwater pumping in deep aquifer (below 150 m depth) in the Mekong Delta during 





Besides, the rapid expansion of groundwater exploitation in the river deltas in monsoon region 
such as the Mekong Delta and Ganges Delta where groundwater is slowly renewed is the main 
cause of the depletion, and prolonged depletion of groundwater in extensive aquifers can result in 
land subsidence and climate change has the potential to exacerbate the problem in some regions 
(Yamanaka et al., 2011, Aeschbach-Hertig and Gleeson, 2012, UNESCO, December 2015).  
However, while the research on groundwater has been developed in arid and semi-arid regions, 
in the river delta the most assessments of water resources have focused on surface water or 
groundwater contamination with lack of research focused on the groundwater system in deep 
aquifer and groundwater-surface water interaction under hydrological assessment (Foster and van 
Steenbergen, 2011, Erban and Gorelick, 2016).  
Groundwater development sustainability is possible but not without a significant 
transformation of how we value and manage groundwater resources, and how to monitor and 
characterize hydrogeological systems (Gleeson et al., 2012). Therefore, it is necessary to perform 











1.2 Previous studies on groundwater recharge; 
groundwater and surface water interaction 
1.2.1 Study on interaction between groundwater and surface 
water in the world 
 
Understanding the basic principles of interactions between groundwater and surface water 
(GW–SW) is needed for effective management of water resources (Sophocleous, 2002). Numerical 
models are increasingly used to explore hypotheses and to develop new conceptual models of 
surface water and groundwater interactions (Fleckenstein et al., 2010, Gieske and De Vries, 1990). 
For example, the interaction between a shallow lake and a groundwater flow system have been 
studied for a coarse-textured landscape on the Boreal Plains of Canada (Smerdon et al., 2005), 
Research was conducted in semi-arid of Southern Africa indicated that infiltration only takes place 
during periods of heavy rainfall by (Vogel and Van Urk, 1975); Incorporating land-use changes 
and surface–groundwater interactions in a simple catchment water yield model (Gilfedder et al., 
2012). Modeling groundwater-surface water interactions using the Dupuit approximation was used 
to consider a simple case of steady groundwater flow in the vertical plane to a horizontal stream 
bed in direct connection with the aquifer (Anderson, 2005). The study on interactions of surface 
water and groundwater has also concerned about the groundwater recharge process and base flow 
where groundwater is connected closely with surface water such as Mississippi basin (Arnold et 
al., 2000) 
In the other hand, environmental isotopes such as deuterium and oxygen-18 become an 
important tools for defining the water characterization and clarifying the mixing process of 
different water sources in hydrologic system (Clark, 1997, Yoshida, 2002). Therefore, stable 





years to reveal hydro-geological processes (Lee et al., 1999, Baskaran. S, 2009, Fleckenstein et al., 
2010).  
Application hydro-geochemical method in study GW-SW interaction is other useful method 
clarify the characterization of different water sources, identification of mixing process and 
quantification of the interaction between different water sources in arid and semi-arid regions and 
wetland region or humid tropical regions (Sophocleous, 2002). The previous studies revealed the 
origin and process of river water and groundwater interaction under high topographic condition in 
the mountain arid region (Taniguchi, 1995, Yang et al., 2011) with quantity of groundwater 
recharge (Liu and Yamanaka, 2012, Yeh et al., 2014) and under the effect of evaporation and 
precipitation in the arid and semi-arid (de Vries and Simmers, 2002, Tsujimura et al., 2007) with 
site-specific conditions in the arid region.  
Recently, in the humid tropical region groundwater and river water interaction in the river basin 
is controlled by the local precipitation during the monsoonal season (Oyarzún et al., 2015). In the 
tropical monsoon region, the studies of groundwater flow systems is revealed in the Bengal Delta 
and Ganges Delta (Majumder et al., 2011, Majumder et al., 2013). However, evaluating the effect 
of seasonal variation of river water under monsoon climate between the dry and the rainy seasons 
on groundwater recharge has not been focused yet. 
1.2.2 Study on groundwater recharge  
Groundwater recharge is one of an important process for sustainable groundwater management. 
Especially, in the arid and semi-arid regions where most of the water use comes from the 
groundwater resources due to limited surface water resources, thus the research on mechanism of 





Groundwater recharge has been estimated in arid, semi-arid regions using a variety of 
techniques, including physical, chemical, isotopic, and modelling techniques. These techniques 
have been described in previous studies and reviews (de Vries and Simmers, 2002, Scanlon et al., 
2006, Carling et al., 2012, Ajami et al., 2011, Smerdon et al., 2009). Regional recharge estimation 
for water resources evaluation has relied mostly on groundwater-based approaches, which integrate 
over large spatial scales and generally cannot be used to estimate local variability in recharge 
(Sophocleous, 1992). Mountain-plain transitional landscapes are especially important as 
groundwater recharge zones and research was under taken by (Liu and Yamanaka, 2012) using 
stable isotopic method to clarified the quantity recharge of river water, precipitation and 
groundwater based on the characteristic mountain-plain area. Beside the researches on groundwater 
recharge rate using Darcy’ Law method (Callahan et al., 2012) and simulation modeling (Herrmann 
et al., 2009), the applying hydro-geochemical evolution to estimate groundwater recharge is useful 
method and is widely used in the world (Edmunds et al., 2006, Gates et al., 2008, Wang et al., 
2013). 
 













1.3 Previous researches in the River Deltas 
River deltas is one of important livelihoods and economic zones in the world. The IPCC 
reported that nearly 300 million people live in a sample of 40 deltas worldwide, including all the 
large deltas, and deltas are widely recognized as highly vulnerable to the impacts of climate change 
(IPCC, 2007, Ericson et al., 2006). Moreover, river deltas area also characteristics by high 
population density due to rapid increase in population. Groundwater has become an important 
water sources for demand of domestic water use. However, the pollution of Arsenic in shallow 
groundwater has been detected more than 30 year ago leading to groundwater sources has been 
exchanged from shallow aquifer to deep aquifer with the depth below 150 m (Brown and Nicholls, 
2015, Majumder et al., 2011). The excessive groundwater pumping in deep aquifer is cause of 
decreased water sources and subsidence having rates up to 5.6 mm/y in Ganges Delta and 3mm/y 
in Mekong Delta (Erban et al., 2013, Shrestha et al., 2016) . Especially, in the Mekong Delta 
groundwater is mostly pumped depth of around 300 m for domestic water use, leading to 
groundwater level decreased 0.3 m/year around in 20 years (DWRPIS, 2010a) (Fig. 5).    
However, the most of researches on groundwater in river deltas is focused on the mechanism 
of Arsenic contamination in groundwater (Shinkai et al., 2007, Buschmann and Berg, 2009, Huang 
et al., 2016) and in the Ganges and Bengal deltas (Chakraborti et al., 2003, Chatterjee et al., 2010). 
In order to evaluate the effect of sea level rise under climate change and excessive groundwater 
pumping in coastal region, many researches focused on the saline intrusion in surface water and 
groundwater (Renaud et al., 2015, Tho et al., 2014, Mondal et al., 2013). Recently, some researches 
which using tracer as the approach method to clarify the groundwater flow system in the deltas 





River deltas area characterized by annual flooding which will contributes a large inundation 
and floodplain and bring negative flood hazard for resident (Le et al., 2007, Takagi et al., 2016, 
Islam et al., 2010). Besides the negative impact for residence area, floodplain is considered such 
as recharge source for groundwater. However, the study focus on the effect of inundation on 
groundwater recharge during the flooding season has not been studied so much. The study on 
groundwater recharge has not been studied yet. The study on groundwater in the deep aquifer just 






















1.3 Introduction of the Mekong Delta 
 
1.3.1 Groundwater pumping condition in the Mekong Delta 
The Mekong River, the largest river in the Southeast Asia, is blessed with rich water resources, 
forest resources, and aquatic resources. The Mekong River starts in the south-eastern Himalayan 
mountains and flows 4200 km to its mouth at the South China Sea, making it the world’s twelfth 
longest river (Jacobs, 1996). It covers an area of 39,000 km2 and is home to more than 17 million 
inhabitants. It is one of the largest rice production and aquaculture production deltas in the world, 
and this area is dependent on a large amount of water from groundwater and surface water resources 
(Nguyen, 2013a).  
Previous research on groundwater system in the Mekong delta indicates that groundwater 
system is divided into main 8 aquifers such as shown in the Figures 1, 2 (DGMS, 2004). 
Groundwater becomes an important source of water for irrigation in dry season and domestic use 
in the Mekong Delta (Nguyen, 2010). An increased demand come from the factor such as rapid 
increase of population and economic development expanding cities and irrigation schemes, but 
climate change and constructed hydropower, dams in upstream which is noticed that it strongly 
impacted to discharge flux in downstream also become a threat of water shortage of the Mekong 
Delta (Kuenzer et al., 2012, Dore et al., 2012).  
According to report of Division for Water Resources Planning and Investigation for the South, 
that recently (1990s) groundwater exploitation has become a major source of freshwater for 
domestic use, in particular following interventions by UNICEF at the household level and the 
creation of Center for Rural Water Supply (DWRPIS, 2010b). Nowadays, high quality groundwater 





industrial purposes and mainly exploited from Pliocene aquifer (under 150m) (Frank Wagner, 
2012).  
Figures 3 shows the distribution of number wells and pumping rate per day at well under the 
data of Division for Water Resources Planning and Investigation for the South (DWRPIS, 2010b). 
Groundwater is mostly exploited in the coastal region but high pumping rate distributed in the 
northwest region by water supply plants, industries and other institutions, with rate (ca.1.5 million 
m3/day) (Dang, 2008). Excessive groundwater pumping has caused groundwater level declined 
strongly during recently 10 years in although of delta (Frank Wagner, 2012) (Fig. 4).  
 
1.3.2 Previous studies on groundwater, groundwater and surface 
water interaction in the Mekong Delta  
The main research on groundwater in the Mekong Delta has been focused on the groundwater 
Arsenic contamination (Shinkai et al., 2007, Buschmann et al., 2008, AAN, 2012).  
In the Mekong Delta, annual flood during the flooding season from July to October extensive 
a large inundation area, and becomes an important source significantly influences and extensively 
recharge to groundwater. The effects of river flooding on groundwater flow using numerical 
simulation was carried out in the Cambodia demonstrates the close relationship between the 
Mekong River and groundwater (Atsushi, 2009, May et al., 2011).  
Besides that, from 1990s to expand irrigation area and reduce damage of flood, the flood control 
activities are vital to reduce negative flood impacts groundwater resources in the Mekong River 
basin. The study to evaluate the effect of flood control on groundwater storage was performed by 
(Kazama, 2007) is one of the first research focus on groundwater recharge in this regions. This 





located in lower part of the Mekong River basin using numerical modeling and field observations. 
The inundation calculations have been evaluated using satellite image outputs. The results of this 
survey show that, in 1993, a 19% reduction in inundations areas resulted in a 31% reduction in 
groundwater storage. And in 1998, a 44% reduction in inundation areas led to a 42% reduction in 
groundwater storage.  
However, this research has not still clarify the process of groundwater recharge between the 
unconfined and confined aquifers groundwater. Especially, the result of research did not concern 
about the recharge process in deep aquifer groundwater (under 200m), which is main pumping 
source.  
In the other hand, the research evaluates the effect of groundwater pumping on releasing of 
Arsenic to deep groundwater due to pumping-induced land subsidence in the Mekong Delta, 
Vietnam (Erban et al., 2013) . The research analyzes a large area (>1,000 km2) of the Mekong 
Delta, Vietnam, in which arsenic is found pervasively in deep, Pliocene–Miocene-age aquifers, 
where nearly 900 wells at depths of from 200 to 500 m are contaminated (Fig. 5). The results 
indicated that groundwater pumping during near 30 years caused land subsidence with rate 3 cm/y, 
and linked to release Arsenic in deep aquifer groundwater (under 200m) due to induced clay 
compaction (Fig. 6).  
However, this study has predicted the impact of groundwater pumping leads to release Arsenic 
into deep aquifer, but has not data about the groundwater quality or geochemical facies of GW to 
support this demonstration.  
Recently, the studies using stable isotope ratios (δD, δ18O) as main method to clarify 
hydrological process in the Mekong Delta also has been studied. The surface water and the 





variation in δD and δ18O values have the potential to provide an effective tracer to better understand 
the hydrological processes in Cambodia forest watersheds (Kabeya et al., 2007). The study on the 
interaction between groundwater and river water was performed in Tay Island region, located in 
the north Mekong Delta (Nguyen, 2013a) used stable isotopic approach indicates that groundwater 
in confined aquifer is affected strongly by seasonal change between the dry and rainy seasons, and 
closely to river water level.  
Moreover, Mekong Delta is characteristics by annual flood in rainy season, with depth of 
flooding ranges from 1 to 5m during from 3 to 4 months (Fig.7). Especially, upstream of Mekong 
Delta is covered by large inundation of Plain of Red Floodplain area, which will become 
groundwater recharge source. 
But, these researches have been not clarify the quantity and characteristic recharge process 
between the surface water and groundwater, especially the interaction between groundwater and 
surface water in the flooding area. Moreover, groundwater flow processes in the deep aquifer in 
the Mekong Delta has not been focused yet. The study to clarify the hydrological process includes 
interaction between GW-SW is necessary to plan the sustainable water resources management. 
Thus, stable isotopes is expected such as a suitable and effective method to determine the 











1.5 Objectives of thesis 
According to the review of previous research on groundwater and surface water interaction in 
the River Delta in the world, especially in the Mekong Delta, the effect of inundation on 
groundwater recharge during the flooding season , and the quantity of SW recharge on shallow 
aquifer has not been studied yet (Kazama et al., 2007; Nguyen, 2012; Erban et al., 2013).   
Therefore, this study focuses on the two majors objectives:  
1) To clarify the effects of Mekong River, channel water, and flooding water of inundation 
area on shallow GW recharge. 
2) To investigate the groundwater flow system in deep aquifers under pumping activities and 
different typical land use condition.  
 
      

















Figure 1: NW-SE directed hydrogeological profile cutting the MD plain (DGMS, 2004) 

























































































































Figure 3: The distribution of (a) number wells and (b) pumping rate per day 









Figure 4: Groundwater level fluctuation in National Monitoring Station in Mekong Delta, with 


























Figure 5: Groundwater arsenic concentrations in the Mekong Delta, Vietnam 
(A) Plan view. (B) North-looking perspective (vertical exaggeration), highlighting the focus area 
of this work. Topography and bedrock surface shown above and below zero elevation (mean sea 















































Figure 6: Conceptual model for depth distribution of arsenic in 
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CHAPTER 2     STUDY AREA 
  2.1 Location of Dong Thap 
 The Mekong River flows into Vietnam and divides into two branches, an eastern branch called 
the Mekong (Vietnamese: Song Tien) and a western branch called the Bassac (Vietnamese: Song 
Hau). Dong Thap province located in the northeastern part of the Mekong Delta in Vietnam and 
bordered by Pray Veng Province of Cambodia in the north with a length of more than 48 km (Fig. 
8). Two major rivers flowing through Dong Thap contributed here abundant surface water, natural 
floodplain inundation and diversity ecosystem. The area is approximately 3238 km2, reaches 8.17% 
area of the Mekong Delta in Vietnam.  
The population is about 1.680.300 people (2012). Dong Thap has 9 districts (Hong Ngu, Tan 
Hong, Thanh Binh, Tam Nong, Cao Lanh, Lap Vo, Lai Vung and Chau Thanh), and Sa Dec town 
and capital city Cao Lanh (DongThap, 2012). Figure 9 shows the location of observation wells are 
QT1, 2, 3 and core borings of hydrological cross section in Dong Thap. 
In this study, considering the inundation condition during flooding period and land use 
conditions, connection condition with the Mekong River, Dong Thap Province is separated into 4 
regions; those are (A) flooded area covered by larger wetland forest and inundation during flooding 
season, (B) paddy field covered by crop rice and partly affected by flood in rainy season, (C) fruit 
garden dominated by fruit tree and not affected by flood, and (D) Tay Island covered by crop field 




























Figure 9: Location of observation wells for groundwater level, and core borings for cross 





2.2 Meteorology  
The climate is separated clearly in two seasons with the dry season from November to April of 
next year; the rainy season from May to October. The average of precipitation is range from 1170 
to 1520 mm with 90-95 % of total of rain fall comes from rainy season, and average temperature 
is 28.5℃ (DongThap, 2008). Figure 10 shows the precipitation, humidity and temperature of Cao 
Lanh city, Dong Thap province’s capacity in 2009 with the daily data and monthly data. In 2009, 
the total of precipitation in Cao Lanh city was 1419 mm, is concentrated mostly in the rainy season. 
September and October was mostly rained in the rainy season. The average temperature ranges 
from 26 to 28℃. The lowest temperature concentrated in the period from December to February 
with from 22 to 26℃, when in the highest temperature concentrated in the April and May with 
from 28 to 30℃. However, Figure 10b shows the daily data indicated that the temperature between 
day and day change largely, particular during the rainy season. This change is considered by the 
effects from rainfall. After rain falls, weather becomes cool and pleasant, lead to decrease the 
temperature.  
The humidity is shown in the Figures 10 demonstrated that the humidity in Cao Lanh city is 
high, but less fluctuation whole the year, average humidity ranges from 80 to 87%. The humidity 
change is affected by the rainfall such as the temperature. After rainfall happened, concentration 
of humidity becomes increasing. Thus, the fluctuation between day by day in the rainy season is 
the highest whole the year. 
The temperature and humidity in Cao Lanh are stable with less fluctuation between the dry and 





      
 
Figure 10: Precipitation, temperature, humidity at Cao Lanh city, 2009 by (a) montly data 
and (b) daily data 
(a) Monthly data 





2.3 Natural condition  
 
2.3.1 Geology 
Geology in Dong Thap is characterized by the distribution of dominated alluvial plain formed 
by fluvial process. Old alluvium (sediment Pleistocene) distributed along the Vietnam - Cambodia 
boundary around Tan Hong district to Tam Nong and Thap Muoi districts. New alluvium (sediment 
Holocene) was formed in the transgression period from 6000 years ago. Sedimentary materials 
includes clay and sand with a thickness of from 20 to 30 m overlying surface. This new sediment 
containing organic and high humidity, but low average compressive strength.  
 
2.3.2 Topography 
Dong Thap province is characterized by low topography, and average elevation of region is 
approximately from 0 to 5 m above sea level. Mekong River branch (song Tien) separates Dong 
Thap into 2 regions.  
The northern Mekong River (Tien River) is relatively flat terrain, including the Floodplain of 
Reeds (Dong Thap Muoi) region such as districts of Hong Ngu, Tan Hong, Tam Nong, Thanh Binh, 
Cao Lanh and Thap Muoi and Cao Lanh city. This region slopes along Northwest - Southeast, 
higher terrain in areas bordering Cambodia and along the Mekong River, lower toward the center 
of the Floodplain of Reeds (Dong Thap Muoi), forming a trough of low-lying, and closed vast 
flood copper (Fig. 11).  
The southern Mekong River located between the Mekong and Bassac rivers, including the 





direction from both sides of the river in the center. The popularity elevation is from 0.8 to 1.0m 






















2.3.3 River, channel networks  
With 120 km of Mekong River and 30 km of Bassac River; and 1000 large and small canals 
with a total length of 6273 km flow with the average density of the river is 1.86km/km2, Dong 
Thap province benefits from two larger rivers, channel system and annual flood comes from the 
Cambodia through the channel system in the flooding season (Fig. 12). Thus, it becomes the most 
famous floodplain inundation area of the Mekong Delta with diversity ecosystem and a main rice 
production area in Vietnam. For these reason, Dong Thap becomes an important research area for 
studying of hydrological process in the Mekong Delta. 
1) Flooding in rainy season  
Beginning from end of July to November due to the flood comes from the Mekong and Bassac 
rivers and overflow from Cambodia border. In the peak of flood, Hong Ngu, Tam Nong, Thanh 
Binh, Tan Hong districts part becomes flooded area begin the middle of August. The remaining 
areas of the Plain of Reeds, and southern part of Dong Thap flooded before September. Flood 
intensity from 3 to 4 cm/d, and in some cases up to 10 cm/d. The distribution of inundation with 
the depth ranges from 3-4m in Tan Hong, Hong Ngu district, and from 1 to 2 m at Thanh Binh, 
Tam Nong, Thap Muoi, Cao Lanh, and under 1m at along two rivers and the southern Mekong 
River located between the Mekong and Bassac rivers (Fig. 12). 
2) Dry season  
Starting usually from last December to May next year, slowing down from the north to the 
south. In the dry season, the river flow of Mekong and Bassac rivers dropped sharply. River water 





In other the hand, Dong Thap province is affected strongly by flood water during the flooding 
season from June to end of October, and some regions become inundation areas, which will be 
recharge sources for groundwater. Figure 12 shows the distribution of inundation area by blue color 
with the depth of inundation during the flooding season. Yellow color means paddy field and fruit 
garden, when is protected by flood through the flood protected dike or channel network.  
To expand the rice production area and prevent flooding damages, from the 1990s the systems 
artificial channel and flood control canal was established, is shown by red line in the Figure 12. 
These flood control system changed the natural flooding area with decreasing natural floodplain 



































Figure 12: Distribution of crop field and inundation area in the peak flood 





2.3.4 Condition of land use and expand agriculture 
Figure 13 shows the status of land use condition in Dong Thap. In general, Dong Thap is mainly 
covered by the crop rice in whole province. The north of region is distributed by the wetland forest 
and aquaculture ponds with double cropped rice. The south of region is distributed mainly by triple 
cropped rice and fruit garden dominated along the Mekong River and the main channel. Based on 
the different of land use condition (Fig. 13), and inundation condition during flooding season (Fig. 
12), the Dong Thap is separated into 3 major regions:     
(A) Flooded area: This region is distributed by Tram Chim wetland forest and main area will 
become an inundation area during the flooding season between July and November. During the 
flooding season, monsoon rains and surface water come from upstream of Mekong Basin provide 
natural flood, which contributes floodplain inundation in the Mekong Delta. The floodplains play 
important role for the agro-ecosystem and the socio-economy of the Mekong Delta (Hung et al., 
2012).  Flooded area is one of the most important natural floodplain areas in the Mekong Delta. 
(B) Paddy field: is distributed in the southwestern part of Dong Thap (Cao Lanh, Thap Muoi 
districts) and covered by triple cropped rice. Some little location in paddy field becomes inundation 
during the flooding season (Fig. 12) 
(C) Fruit garden: is region located between the Mekong and Bassac rivers (Sa Dec town, Chau 
Thanh, Cai Lay, Lai Vung districts). Almost of all area in fruit garden was not affected by flooding, 
and this region is distributed mainly by triple cropped rice and fruit garden.  
(D) Tay Island: is is located in Thanh Binh district and surrounded by the Mekong River. Red 





shallow groundwater resource is main water source for crop irrigation, particular for vegetable 
cultivation ((Nguyen, 2013b). 
The standard of this division also depends on the administrative boundary between the districts. 
Thus, in the area in paddy field, where located vicinity of Mekong River also cover by fruit garden, 
























































2.3.5 Inundation status in flooded area during dry and rainy 
seasons 
A large area in flooded area is distributed by Tram Chim national forest, which is cover by 
wetland and forest of melaleuca. According to Figure 15a, the area of wetland forest is 
approximately 75.9 km2 with the inundation depth from 0.5 to 1.2 m and is shown by white line 
(Fig. 14). This result indicates that unless in the dry season groundwater of flooded area is also 
contributed by recharge sources of surface water.  
In flooding season, inundation area will expand to approximately 441 km2 with the depth 
inundation increases to depth of from 3 to 4 m (Fig. 15b) is shown by black line (Fig. 14). This 
suggests that groundwater of flooded area is also provided by recharge sources or groundwater 
more than other regions. Groundwater was recharged during all times, and evaporative enrichment 
of inundation water in the dry season is caused of heavy isotopic ratios of groundwater in the 
flooded area. This different natural conditions of flooded area compare to other region, becomes 
an important factor to evaluate geochemical composition and ion exchange process of groundwater 
in deep aquifer. 
The different depth of channel water in the dry and rainy season is shown in the Photo 1 
indicates that in the rainy season channel water likes as  river, which contributes water for 
groundwater recharging in this area, but in the dry season, it did not like as. The water level of 


































Figure 14: Location of inundation area in the dry (white line) and flooding seasons 









(a) Dry season 
(b) Rainy season 






Melalueca forest Tram Chim national park 
Channel in the dry season Channel in the rainy season 
Wetland  





  2.5 Groundwater use condition in Dong Thap 
While the shallow groundwater is used for irrigation and agriculture, but dominated in Tay 
Island regions only, the deep groundwater (lower than 200 m) is considered as an important water 
resource for daily water use in whole province. Because the surface water quality has polluted by 
pesticides and fertilizers, from the 2000s Dong Thap province has started to use groundwater in 
deep aquifer (under 250m) for domestic water use in large-scale of province. The deep groundwater 
is managed and the exploitation of this water resource is regulated by the Department of Natural 
Resource and Environment of Dong Thap Province.  
According to the report of Dong Thap province (DongThap, 2012) total pumping wells for 
domestic water use was determined with near 500 wells, and a pumping rate in the dry season 
approximately about 106904 m3/day (Fig. 16). The distribution of pumping rate in each district and 
city are shown in the Figure 16b indicates that pumping rate is the highest in Cao Lanh city with 
more 18000 m3/day, remain district ranges from 5600 to 12000 m3/day.  However, in the rainy 
season, resident will use surface water alternative groundwater, because using surface water during 
flooding season they do not have to pay the water tariff. That is reason the total groundwater 
pumping rate in the rainy season is 86074 m3/day, decreases approximately from 10 to 15% 
compare with that in the dry season.  
Figure 17 shows the distribution of deep well for domestic water use in Dong Thap province 
with the rate of pumping per day. Pumping well is mostly distributed in the southern part of 
province, particularly in fruit garden region between two rivers with dominant pumping rate per 





to 500 m but dominated at the depth of 300 to 450 m, and service to the resident through the water 















































(a) Data of pumping rate of each districts  
Figure 16: Pumping rate in Dong Thap with (a) data of pumping and graph of pumping 
(m3/day), data 2012 














































(a)  Location of pumping wells 
Figure 17: (a) Location of pumping well and (b) relationship of 
pumping rate and depth of pumping wells 





2.6 Hydrogeological profile in Dong Thap 
According to (DGMS, 2004)  the Cenezoic Mekong complex can be distinguished into eight 
hydro geological units, namely Holocene (qh), Upper Pleistocene (qp3), Upper- Middle 
Pleistocene (qp2–3), Lower Pleistocene (qp1), Middle Pliocene (n2-2), Lower Pliocene (n2-1), 
Upper Miocene (n1-3) and Upper Middle Miocene ( n1,2-3). The two cross sections illustrated 
from Figure 18 to 21  provide an overview of the spatial distribution and interconnection of the 
hydrogeological units within the complex architecture of the Delta’s subsurface (Fabrice G. 
Renaud, 2012). Figure 18 shows the cross section in from north to south through paddy field area. 
Figure 19 shows the cross section from west to east in fruit garden and paddy field regions. Figure 
20 shows the cross section from flooded area toward fruit garden. 
Generally, in the Dong Thap province, the shallow Holocene aquifer generally contains non-
potable brackish or saline water, thus it is not used for domestic water use. In Dong Thap Muoi 
area -“Plain of Reeds” brackish to saline groundwater predominates the Pleistocene layers. 
Pliocene and Miocene aquifers are the principal sources of freshwater supply in here. Especially, 




1 ranges at depth from 250 to 450 m. 
Basically, the aquifer system in the Mekong Delta horizontal groundwater flow velocities in the 
permeable layers are generally rather low (in the Pleistocene aquifer from 1 to 1.3 m/year).  
The bed rock in flooded area is determined at the depth of 300m and it will become deeper 
more than 150m in the fruit garden area (Fig 18). Especially, the cross section V-V’ is the 
hydrological profile in the north of region indicates that the bed rock ranges from 240 to 300m 





In this study, shallow groundwater is specified with the depth until 100 m, and classified into 
2 aquifers with 1st aquifer at the depth of from 10 to 35 m, and 2nd aquifer at the depth of from  40 
to 100 m. Deep groundwater is specified with depth from 200 to 450 m, and classified into 5, 6, 7 
and 8th aquifers. 5th aquifer at the depth of from 200 to 260m, 6th aquifer at the depth of from 260 







































CHAPTER 3     MATERIAL AND METHODS 
3.1 Field survey  
In order to compare the difference of water bodies between the dry and rainy season, water 
samples were collected during August 2013 (rainy season) and January 2015 (dry season) from 
groundwater, the Mekong Rivers and channels in Dong Thap. During in the rainy season, a total 
64 water samples were collected comprising 21 samples of shallow groundwater (depth of from 
10 to 95 m), 27 samples of deep groundwater (depth of from 220 to 450 m), 8 samples of the 
Mekong River from both riverbanks, and 8 channel samples (Figs. 22, 23).  
In the dry season, a total 69 water samples were collected comprising 48 samples of 
groundwater including 32 samples of shallow aquifer at depth of from 10 to 100 m and 16 samples 
of deep aquifer at depth of from 184 to 450 m, 8 samples of the Mekong River from both side of 
the riverbanks, and 13 channel samples.  
Field survey was performed to collect water in January and August purpose to compare the 
difference of interaction process between GW-SW between the dry and rainy season. January is 
the beginning period of the dry season and with out of rainy event. On the contrary August is the 
one of rainiest periods of the rainy season. The effectiveness of evaporation, rainfall would be 
concerned affect to the recharges and discharges process between GW-SW. 
The shallow groundwater samples were used to daily use and irrigation use, collected from 
irrigation wells with a depth of from 10 to 25 m, and house hold wells with a depth of from 20 to 
95 m. The irrigation wells distributed almost of all in the Tay Island region. And in the floodplain 





The deep groundwater is an important water resource for water daily use, and managed by 
Department of Natural Resource and Environment of Dong Thap Province (DongThap, 2008). The 
deep groundwater is exploited through the deep wells under managed by water supply facilities 
and water served to the resident live nearby area. According to the Department of Natural Resource 
and Environment of Dong Thap Province, the depth is lower than 150 m is regulated as the deep 
groundwater. In my study, deep groundwater samples were taken from the deep well range from 
200 m to 450 m, which is classified in 5, 6, 7th and 8th aquifers.  
The Mekong River water samples were taken from the both of branches of the Mekong River, 
and stretch along the upstream to downstream of the river. The channel water was collected from 
the channel networks flow from the upstream to downstream.  The water level of channel fluctuated 










































Mekong River water Channel water 
Irrigation well (shallow GW) Water supply well (deep GW) 
Measurement on field survey Family well (shallow GW) 







Channel water in rainy season Channel water in rainy season 
Channel water in dry season Channel water in dry season 
Measurement on field survey Inundation area in flooding season 






3.2.1 Measurement of chemical compositions  
The physical parameters such as electrical conductivity, pH and water temperature were 
measured during the field survey with a portable EC meter (HORIBA Ltd., Cond B173), pH meter 
(HORIBA Ltd., Twin pH Meter B212), and (Yokogawa Meter & Instrument Co., Ltd., TX 10), 
respectively. The locations of the water samples was determined using a portable GPS meter 
(GARMIN Ltd., GPS MAP). Each of the water samples was sealed in a 100 mL polyethylene bottle, 
and then analyzed in the laboratory. Major anions (Cl-, NO3
-, SO4
2-) concentration were analyzed 
by Ion Chromatography (IC; Shimazu, Co., Ltd., HIC-SP/VP Super). Bicarbonate HCO3- 
concentration was determined by titration method with sulfuric acid. Major cations (K+, Na+, Ca2+, 
Mg2+) were analyzed using Inductively Coupled Plasma Spectrometers (ICP; Perkin Elmer Inc., 
Optima 7300 DV). The stable isotopes were analyzed using Mass Spectrometer (Finnigan Inc., 
MAT 252).  
 
3.2.2 Stable isotope analysis  
The stable isotopes of Hydrogen (δ2H) and Oxygen (δ18O) were measured with a Mass 
Spectrometer (Finnigan Inc., MAT 252). The isotopic ratios of δ2H and δ18O are expressed as the 




× 1000    (‰)                              (Equation 1) 
 
R is the ratio of D/H or 18O/ 16O in the sample water (Rsample) or in Standard Mean Ocean Water, 





compositions were reported in standard δ notation representing per mil deviations from the Vienna 
Standard Mean Ocean Water standard (Craig, 1961). 
 
3.2.3 End member mixing analysis 
End Member Mixing Analysis (EMMA) is a commonly applied method to identify and quantify 
the dominant runoff producing sources of water (Soulsby et al., 2003, Ali et al., 2010, Barthold et 
al., 2011). EMMA based on the mass balance of tracers has conventionally been used for 
hydrograph separation, evaluate the contribution ratios of each recharge sources of groundwater 
(Wakui and Yamanaka, 2006, Liu and Yamanaka, 2012, Yeh et al., 2014).  This technique assumes 
the following (Barthold et al., 2011):  
1)  Groundwater is a mixture of source substances with a fixed composition  
2)  The mixing process is linear and completely dependent on hydrodynamic mixing  
3)  The substances used as tracers are conservative, and  
4)  The source substances have extreme concentrations.  
 
3.2.4 Darcy’s law, hydraulic gradient   
Darcy’s law was formulated by Henry Darcy based on the results of experiments on the flow 
of water through beds of sand, forming the basis of hydrogeology, a branch of earth sciences. The 
equation can be written as: 
                                            Q = K × A ×
h1 −h2
l





Where Q is discharge (m3/s), K is hydraulic conductivity (m/s), A is cross section area (m2), h1,2 
is head of well at 1 and 2, l is distance between 1 and 2, and (h1-h2)/l is hydraulic gradient. 
The hydraulic conductivity K varies with the water content of the soil, as describes the ease 
with which a fluid (usually water) can move through pore spaces or fractures. The hydraulic 
conductivity depends on the soil grain size, the structure of the soil matrix, the type of soil fluid, 


























CHAPTER 4     CHARACTERISTICS OF 
GROUNDWATER LEVELS 
 
Shallow groundwater is specified with the depth until 100 m, and classified into 2 aquifers with 
1st aquifer at the depth of from 10 to 35 m, and 2nd aquifer at the depth of from 40 to 100 m. 
Deep groundwater is specified with depth from 200 to 450 m, and classified into 5, 6, 7 and 8th 
aquifers. 5th aquifer at the depth of from 200 to 260m, 6th aquifer at the depth of from 260 to 300m, 
7th aquifer at the depth of from 300 to 360m, and 8th aquifer at the depth of from 360 to 450m. 
Based on the different inundation and land use conditions, groundwater in deep aquifer is 
separated into main 3 regions such as: Flooded area, paddy field, and fruit garden. 
 
4.1 Distribution of groundwater contour map 
 
Figure 24 and 25 show the spatial distribution of groundwater contour map in 1st aquifer (8-
40m) and deep aquifer from 6 to 8th aquifers (260-390m) in the dry and rainy seasons. The 
groundwater level is sourced from the observation wells of Dong Thap province and the monitoring 
wells of National Monitoring Station in Mekong Delta  (DWRPIS, 2010) and groundwater level in 
Tay Island is sourced from the data of the Mekong Research Group (AAN, 2012). The groundwater 
level in the rainy season is referenced in October 2009, in the peak flooding. The data in the dry 
season is referenced in January 2010, the same with period of sampling activities. The groundwater 
contour map of 1st aquifer indicates that groundwater from west side the near Mekong River to east 
side paddy field region during the dry and rainy season. In the Tay Island region groundwater level 
in the east side of the island is higher than that in west side about 0.5 m. Groundwater level in the 





water on groundwater recharge was as not strong as the groundwater in the other region did. 
Groundwater level in rainy season is higher than that in dry season about 1 m.  
Groundwater contour in deep aquifer below 260 m shows that groundwater level in flooded 
area is -2.5m in the rainy season and is -3.5 m in the dry season, whereas groundwater level in 
paddy field is -4.5 m in the rainy season and is -5.5m in the dry season; and in Cao Lanh city that 
level is -7.1 m in the rainy season and -7.4 in the dry season. This result indicates that groundwater 
flows from flooded area and paddy field area to Cao Lanh city due to effect of excessive pumping 
activities in this region. Groundwater level in the Cao Lanh city dis change not so much between 
the dry and rainy seasons because groundwater is exploited with the same pumping rate during 
whole year. In contrast, in the flooded area and paddy field groundwater level in rainy season 
higher than that in dry season about 1 m, because in the rainy season pumping rate decreases about 









































Figure 24: Groundwater contour map of 1st aquifer in 





























Figure 25: Groundwater contour map of deep aquifer in 







4.2 Groundwater level change  
 
The groundwater level observation wells were established from 2002 by Department of Natural 
Resource and Environment of Dong Thap Province and located in the Cao Lanh city, Thap Muoi 
(floodplain area) and Tam Nong (paddy field area) districts as shown in Figures 26, 27 (Dong Thap, 
2013). The depth of observation wells ranged from 8 m to 390 m and was classified into 8 aquifers. 
The shallow aquifer includes 1st and 2nd aquifer, the depth of from 8 to 85 m, and deep aquifer is 
determined from 3rd to 8th aquifer, the depth under 100 m (Nguyen, 2013a).   
Figure 26 shows the groundwater and Mekong River water levels change in level change in 1st 
aquifer and 2nd aquifer with the rainfall from 2002 to 2013. Mekong River is blue line, QT1 in 
along river is red line, QT2 in paddy field is black line, and QT3 in flooded area is green line. The 
flood water level during flooding season is considered similar to the Mekong river water level. The 
groundwater level change in shallow aquifer responds to seasonal change of river water change 
and flood water with the water level in the rainy season higher than that level in the dry season 
about 2 m. Especially, groundwater level change of Cao Lanh and flooded area is mostly similar 
to the Mekong River water level change indicates that this region groundwater is affected most 
strongly by Mekong River and flooding water.   
Figure 27 shows the groundwater and Mekong River water levels change in level change in 
deep aquifer (below 200m) with the rainfall from 2002 to 2013. Groundwater level change in deep 
aquifer responds to the seasonal Mekong River water level change, with water level in flooding 
season becomes higher than that level in the dry season about from 0.5 to 1.5m. This increase water 
level may be cause of decreasing pumping rate during the rainy season combining with the effect 
of surface water in flooding season. Groundwater level change in flooded area indicates that 





in there is affected strongly by flood water. Especially, flood water level of 2011 is higher than 
other year, and groundwater level at that year became higher than other year responded to flood 
water level, indicates that floodwater and inundation is important factor for groundwater recharge 
in flooded area region. Groundwater level at the depth 292 m decreased extremely from 2010 
indicated that groundwater at the dep of 300 m has mostly pumped from domestic use and it is 
cause of declined water level. But generally groundwater level has trend to decrease by year is 
cause of decreasing inundation and flood water flow volume in the Mekong Delta. 
Generally, groundwater level decreases every year due to over exploitation in deep aquifer. 
Groundwater in deep aquifer from 6th aquifer (below 250 m) in Cao Lanh city, decreased extremely 
with the rate of 0.6 m/year indicates that excessive extraction groundwater in deep aquifer in Cao 
Lanh is the most serious due to the highest pumping rate as shown in Figure 16. 


















4.3 Groundwater level change during flooding season 
 
Figure 28 shows the groundwater and Mekong River water levels change during flooding 
season in shallow and deep aquifer is referenced in June-December 2011 period, where the effect 
of flood is the strongest. The groundwater changes response with Mekong River water level in both 
shallow and deep aquifers with a delay of 7 to 10 days in shallow aquifer, and 3 to 4 weeks in deep 
aquifer.  
Especially groundwater in shallow aquifer in the vicinity of river (QT1) and in flooded area 
(QT2) is most similar with the peak river and flood water level, and water level increased about 
2m compared with that in the dry season. In the deep aquifer, seasonal change of groundwater level 
in flooded area was most similar with that of flood water (similar with river water) with water level 













































Figure 28: Groundwater and Mekong River water levels change of (a) 





CHAPTER 5    HYDROGEOCHEMICAL 
CHARACTERISTICS 
 
5.1 Results and discussion in shallow aquifer 
5.1.1 Geochemical faces by trilinear diagrams and 
hexadiagram 
  
Trilinear diagram results of all water in the rainy and dry seasons of 1st aquifer shallow aquifer 
are shown in Figure 29, and 2nd aquifer in Figure 30. The surface water tended to be dominated by 
Ca2+ and HCO3
-. The Mekong River water and channel water composition had similar water types; 
however all of ion concentrations of channel water were higher than that of the Mekong River 
water. Moreover, ion concentration of the Mekong River water was not different between sample 
located in the north and south of the island.  
The major groundwater types of 1st aquifer were characterized by high concentrations of Ca2+, 
HCO3
- especially groundwater located in Tay Island is similar to the river water, indicating the 
groundwater samples of this region is closed with surface water. This characteristics of 
groundwater in Tay Island is same in the dry and rainy seasons.   
Groundwater samples located in the upstream and along river dominated by higher 
concentrations of Na+, K+, Cl- and this trend is same in the two seasons. This result is because 
groundwater of these regions did not closely connect to river water as the groundwater of Tay 
Island did.  
In the other hand, trilinear diagram of 2nd aquifer groundwater is shown in the Figure 29 





dominated by characteristically high concentrations of  Na+, K+, Cl-, and the water being similar to 
fossil salt water. The concentrations of water compositions did not change between the two seasons. 
Some groundwater sample located in the along river, Tay Island and paddy field dominated by 
mixing of Na+ -Cl-  type with Ca2+-HCO3
- type. It is assumed that these water samples are located 
in the region, where occurs the mixing between type of shallow groundwater and fossil sea water 
or sea water. This result indicated that environment of soil and sediment is different clearly between 

































(a) Rainy season 
(b)    Dry season 
Figure 29: Trilinear diagram of 1st aquifer GW in (a) rainy 































Figure 30: Trilinear diagram of 2nd aquifer GW in (a) rainy 
season and (b) dry season 
(b)    Dry season 





The spatial distribution of hydrochemical composition in the rainy and dry seasons that was 
expressed under the hexadiagram with 1st aquifer (orange color) and 2nd aquifers (deep red color). 
As discussion in the part of trilinear diagram, the difference of water characteristic between 1st 
aquifer and 2nd aquifer is explained clearly by the Figure 29, 30. The shallow groundwater samples 
located in the Tay Island were similar to type of shallow groundwater and river water, when 
shallow groundwater samples located in the floodplain, along river and paddy field-fruit garden 
dominated by the type of fossil seas water. Thus, this result demonstrated that sedimentary 
environment distributes in the two aquifers are different.  
Some groundwater of 2nd aquifer located in the paddy field-fruit garden such as 46, 55 (Fig.31) 
and 67, 68 (Fig.32) show different of hexadiagram type with other water samples due to this 
groundwater located in other aquifer and other environmental sediment.  







































5.1.2 Spatial distribution of isotope δ18O values of shallow 
groundwater  
 
Water samples were collected in August (rainy season) and January (dry season) purpose to 
compare the difference of stable isotopic compositions in the dry season with it’s in the rainy season. 
Figures 33, 34 show the spatial distribution of stable isotopic compositions in August (a) and 
January (b).  
According to Figure 33, 34 the isotope ratios δ18O of water samples located in the Tay Island 
had lower values than that of water samples located in the whole Dong Thap in the both of seasons. 
The isotopic ratios are same values in the two seasons.  
The isotope ratio of the groundwater samples, which was located in the upstream was higher 
than that of groundwater samples in the other areas in all time. This result suggested that this water 
may be recharged from the evaporated water resources in the channel water, or it was affected 
easily by evaporation than that of other water samples located in the other areas. 
Water samples located in floodplain and paddy field far from the Mekong River water tends to 
have heavy isotope than water sample located in the Tay Island. Generally, isotopic compositions 
of water samples in floodplain is lighter than that of water samples in the paddy field and fruit 
garden. Especially in the dry season groundwater located in the fruit garden show the heavier ratios 
than groundwater in the paddy field and floodplain (Fig. 34). Because groundwater in the in 
floodplain was affected by surface water meaning floodwater more strongly than groundwater in 


























5.2 Results and discussion in deep aquifer 
5.2.1 Geochemical facies by trilinear diagram, and 
hexadiagram   
 
Deep groundwater is specified with the depth of 200-450 m, and classified into 5, 6, 7 and 8th 
aquifers. Trilinear diagram results of all water in the rainy and dry seasons of deep groundwater 
samples are shown as in Figure 35 and is separated into 4 areas: floodplain, paddy field, fruit garden, 
and upstream. The major geochemical compositions of groundwater in the floodplain and upstream 
characterized by high concentrations of Ca2+, whereas groundwater in paddy field and fruit garden 
is characterized by higher concentration of Na+, K+, Cl-. The difference of geochemical facies of 
groundwater located between 5 or 6, 7 and 8th aquifers has nor clearly.   
These results indicated that different environment of soil and sediment is cause of different 
geochemical composition of groundwater in each regions. However, some water samples of eastern 
part of the island are nearby with the type of shallow groundwater and river water. It is assumed 
that groundwater in deep aquifer is affected more strongly by regional factor than by same aquifer 
and same depth.  
In the dry season, Ca2+ concentration of groundwater in floodplain became higher than that of 
groundwater in the dry season. Other regions, concentration of groundwater did change not so 
much between two seasons. 
The spatial distribution of hydrochemical composition in rainy and the dry seasons that was 
expressed under the hexadiagram is shown as in Figure 36, 37. As discussion in the part of trilinear 
diagram, groundwater located in the paddy field and fruit garden is characteristics by high Na+ - 
HCO3





concentration. Generally concentration of Na+ and Ca2+ of all groundwater sample in the dry season 














































Figure 35: Trilinear diagram of deep groundwater in (a) 
rainy season and (b) dry season 
(b)    Dry season 

























5.2.2 Spatial distribution of isotopic δ18O values of deep 
aquifer 
 
The spatial distribution of stable isotopic δ18O ratios of deep aquifer groundwater in the rainy 
and dry seasons is shown in the Figure 38, 39. Isotope composition of groundwater is classified 
clearly into 3 regions such as flooded area, paddy field and fruit garden based on the land use status 
of each regions.  
The isotope ratios of δ18O of groundwater in flooded area is heavier approximately -0.5‰ than 
that values of groundwater in the paddy field and fruit garden during all times. Moreover, only 
isotopic ratios of groundwater in floodplain became heavier than that ratios from the rainy season 
(Fig. 38) to the dry season (Fig. 39), whereas isotopic ratios of groundwater in paddy field and fruit 
garden did not change between two seasons. This result suggested that groundwater in floodplain 
area was affected by evaporated water resources more than groundwater in the other regions.  
According to Figure 14, flooded area is covered by wetland forest, thus it is also inundation 
area during all times. Paddy field and fruit garden are covered by paddy field and fruit crop, thus 
inundation area is small. This is considering as caused of different isotopic values of groundwater 

































CHAPTER 6   INTERACTION OF SHALLOW 
GROUNDWATER AND SURFACE WATER 
 
6.1 Discussion about hydro-chemical process of 
shallow aquifer revealed by major ions 
 
As shown in Figure 40 the relationship between Na+/total cation and HCO3
-/total anion is used 
to explain the hydrogeochemical evolution og shallow groundwater. Groundwater located in Tay 
Island characterized by the highest HCO3
- and the lowest Na+ concentration indicates that 
groundwater in this region is closely mixed with river water, whereas, some groundwater samples 
of 2nd aquifer located in the floodplain and fruit garden which were the lowest HCO3
- and the 
highest Na+ concentration. This water type is result from combination of groundwater weathering, 
cation exchange and carbonates. The groundwater from the along river to the Tay Island also 
changes with increasing the high HCO3
- concentration. This result suggests that groundwater in 
Tay Island could be recharged by river water or by directly infiltrating rain.  
Groundwater in the south of Tay Island was exploited for irrigation more than that of the other 
region during the dry season (Nguyen et al., 2013) and suggesting that it is a further cause for the 
difference in the hydrochemical characteristics of groundwater as well as groundwater recharge 
process between the Tay Island and other regions outside island.  
Almost all of groundwater in the 2nd aquifer is characteristics by high Na-Cl concentration due 

































Figure 40: Geochemical evolution of shallow groundwater (a) the rainy 





6.2 Process of interaction of shallow groundwater and 
surface water  
 
6.2.1 Stable isotopic composition in shallow groundwater and 
surface water  
 
Figure 41 shows the relationship between δ18O and δ2H for surface water and shallow 
groundwater in the rainy season (a) and dry season (b). Based on the relationship of distance 
between location of groundwater with Mekong River, the groundwater water is separated into 
center of Tay Island, where shallow groundwater is mostly pumped for irrigation, east side of Tay 
Island; and far from river, where located mainly in the flooded area, paddy field, fruit garden and 
all of water sample is 2nd aquifer. Moreover, the stable isotopic values of Mekong River in the peak 
flooding season (Nguyen 2012) is plotted into the dry and rainy seasons as shown in Figure 41. 
According to Figure 41, groundwater samples typically fall on or below the LMWL, with a 
trend to more isotopically enriched values characteristic of surface waters signatures and indicative 
of contributions from an evaporated source of recharge to the groundwater. The isotope ratios of 
all surface water samples increased from the rainy season to the dry season. The average isotope 
ratio of the Mekong River water increased from approximately -8.7‰ in August to -5.3‰ in 
January for δ18O values, and -60‰ to -52‰ respectively, for δ2H values. This result with channel 
water is from -7.8‰ in August to -6.1‰ in January for δ18O values and from -52‰ to -47‰ 
respectively, for δ2H value. This variation trend is considered that water samples in the rainy season 
were affected from the precipitation due to 95% of rainfall contributes in the rainy season meaning 
from June to October, and water samples in the dry season was affected by evaporation.  
The ratios of isotope δ18O of groundwater in center of Tay Island varied around from -9‰ to -





dry season is affected easily by variation factors. However, in general, almost of all isotopic value 
of groundwater is closely to that values of river water in the peak flooding season. 
The resulting regression line of the shallow groundwater in center of Tay Island has a slope (δ) 
of about 9.76, and intercept (d value) of about 23.1 in the rainy season, when the result in the dry 
season is δ value of about 7.9, and intercept (d value) of about 7.3. The slope and the intercept of 
the LMWL in Koshichang were 7.6 and 8.76, respectively, and close to those of the global meteoric 
water line (GMWL). This result indicates that groundwater in Tay Island is similar to the Local 
Meteoric Water Line especially groundwater in the dry season mostly similar to the LMWL.  
According to Figure 41, the result of isotope values of groundwater in center of Tay Island did 
change not so much between the dry and rainy seasons, and the value is similar with the value of 
Mekong River in the peak flooding season. This result indicates that groundwater in this region is 
mostly affected by river water due to close location with the Mekong River. 
In the east side of Tay Island, the ratios of isotope δ18O of 1st aquifer groundwater varied from 
-7.4‰ to -6.7‰ in the rainy season and around from -8.4‰ to -7.1‰ in the dry season indicates 
that isotope values decreased from the rainy to the dry season. The variation of isotopic values 
ranges -0.7‰ in the rainy season, and that values in the dry season is ~1.3‰. The slope and the 
intercept is 8.7 and 12.5, respectively in the rainy season and 7.3 and 3.7 in the dry season indicated 
that groundwater is affected by river water in the rainy season. In other the hand, the ratios of 
isotope δ18O of 2nd aquifer groundwater in east side of Tay Island varied from -7.6‰ to -7‰ in the 
rainy season and from -7.7‰ to -7‰ in the dry season shows that variation of isotope δ18O ranged 
about -0.6-0.7‰ and did not change between two seasons. The slope and the intercept is 6.72 and 
-2.5, respectively in the rainy season and 5.8 and -8.5 in the dry season indicated that groundwater 





The variation of isotopic values of groundwater in 2nd aquifer is smaller than that values of 
groundwater in 1st aquifer. The slope and the intercept values of 1st aquifer groundwater is close to 
values of LMWL demonstrates that effect of river water on the 1st aquifer groundwater is more 
clear and stronger than that in the 2nd aquifer. 
The ratios of isotope δ18O of groundwater in flooded area and paddy field-fruit garden ranges 
from -7‰ to -5.8‰ in the rainy season and from -7.2‰ to -6.1‰ in the dry season indicates that 
isotope values did not change so much between the rainy and the dry seasons. 
The ratios of isotope δ18O of 2nd aquifer groundwater in flooded area, paddy field and fruit 
garden varied from -7.1‰ to -5.8‰ in the rainy season and from -7.6‰ to -6.2‰ in the dry season 
indicates that isotopic values decreased in the dry season. The slope and the intercept values are 
7.8 and 4.4, respectively in the rainy season and 7.2 and 1.2, respectively in the dry season suggest 
that it did not change so much between two seasons and the seasonal effect of channel water in this 








Figure 41: Diagram of δ18O and δ2H values of surface water and shallow GW in (a) rainy 






6.2.2 Stable isotopic composition in house wells and irrigation 
wells with River water in Tay Island  
 
    The shallow groundwater samples in the Tay Island were collected from the irrigation wells and 
house wells and dominantly distributed in the southwest of island. Based on the different purpose 
of using groundwater samples in the Tay Island were separated into the irrigation and house wells 
to make clarify the process of groundwater –surface water interaction in this region. 
The relationship d-excess and isotope δ18O values of irrigation wells and house wells in the 
rainy and dry season was shown in the Figure 42. The d-excess values of house well is same with 
the values of irrigation wells, but isotope δ18O values of house well were higher than that of values 
of irrigation wells during all time. Moreover, in the dry season the variation of δ18O values is large 
suggested that house wells had a trend was affected by evaporation, when irrigation wells were 
explained by Rayleigh process (Itadera, 1993).  
Furthermore, according to relationship of δ18O and δ2H values of irrigations and house wells 
with river water in the peak flood as shown in the Figure 40, the isotopic values of irrigation wells 
of the both rainy and dry seasons  is similar to the values of river water in peak flood (October), 
whereas isotopic values of house wells variated seasonally. This result demonstrates that because 
the irrigation wells were pumped mostly during the dry season with a large amount,; and the house 
wells were used for every day with stability and fewer amount than irrigation well, pumping 
activities promote river water recharge into groundwater activity more than into house well. Thus 
this result could be lead to stable isotopic compositions between irrigation wells and house wells 


















6.3 End members mixing analysis model 
 
The End Members Mixing Analysis (EMMA) model using stable isotope is shown to be useful 
for estimation of the contribution ratio of different recharge sources. EMMA is setting in the Tay 
Island and along river, where is affected directly by Mekong River and precipitation; and flooded 
area and paddy field-fruit garden where is affected directly by channel water and precipitation.  
Figure 43 shows the relationship of δ2H and δ18O between the near river region (a) and far river 
region (b). In the near river region, surface water source comes mainly from the Mekong River, 
unless the channel water is originated from the Mekong River, thus river water is considered as 
one of contribution source for groundwater recharge. However, in the region far from river more 
than 1km, the isotopic ratios of groundwater was heavier than that ratios of groundwater in the near 
river region (Fig. 43a). Moreover, the isotopic ratios of surface water were heavier than that ratios 
of river water due to evaporation effect when it travels. Thus, channel water is considered as one 
of recharge source of groundwater in this region. 
Almost all of groundwater showed the lower isotope values in the begin dry season than that 
of value in the rainy season, and these values were similar to the isotope values of surface water in 
the rainy season and some groundwater in the 2nd aquifer is similar to evaporated surface water. 
Thus, this results indicated that groundwater is recharged mostly by surface water in the rainy 
season unless it is recharged during all times. But the recharging process did not occur immediately 
at the same season, and recharging result happened lately after moths. Thus, EMMA in this study 
is calculated for groundwater in the dry season with the surface water data of the rainy season.  
Two End Member Mixing Analysis are adapted because shallow groundwater is affected only by 





1= Rs +Rp                                                                  (Equation 3) 
                       δG ・1 = δp ・Rp + δs ・Rs                                (Equation 4) 
Rp : contribution ratio of precipitation 
Rs :  contribution ratio of surface water 
δG : δ18O of GW 
δp  : δ18O of precipitation 
(precipitation is weighted mean rainfall in Koshichang, IAEA data) 
δs  : δ18O of surface water (river, channel) 
Area close to river: surface water is river 
Area with a distance from river: surface is channel 
Precipitation is referenced from the values of Kosichang (IAEA data) with isotope values of 
δ2H and δ18O are -33.5‰ and -5.5‰, respectively.   
Figures 44 and 45 are the contribution ratios of surface and precipitation in groundwater 
recharge in rainy season. Figures 46 and 47 show the role of surface water and precipitation in 
groundwater in the dry season. According to Figure 44 and 46, in the Tay Island, the role of 
Mekong River water in groundwater is estimated to be from 8% to 95% for irrigation well, and to 
be from 48% to 90% or house wells, whereas along river the ratios is estimated to be from 33% to 
80% of river water. This result indicated that groundwater in Tay Island is mostly contributed by 
Mekong, especially almost all of irrigation well had contribution rate is higher than that of 
irrigation wells. The irrigation activities of this region is may be promote this recharge process. 
But in the along river, due to the distribution of deep clay thus the recharge directly from the 
Mekong river is prevented.  
Far from river, in the flooded area role of channel in groundwater ranges from 48 to 74% 





In general, the contribution ratio of surface water on groundwater in the dry season is higher 
than that ratio in the rainy season. In Tay Island the average of contribution rate of river water in 
dry season is higher than that of value in the rainy season about 6% with irrigation wells, and that 
values of river water in dry season is higher than that of value in the rainy season about 16% with 
1st aquifer groundwater but did change in 2nd aquifer groundwater in the along river. In the far from 
river, the contribution rate of surface water on groundwater in the dry season is higher than that 















Figure 43: Relationship of δ18O and δ2H values of SW and GW based on the distance of river 
































































CHAPTER 7     DEEP GROUNDWATER FLOW 
SYSTEMS  
 
7.1 Groundwater pumping effect in deep aquifer 
 
Figure 48 shows the location of deep wells which were sampled in August 2013 with the 
groundwater level before and after pumping to evaluate how the change of pressure head of 
groundwater in deep aquifer change under the excessive pumping rate. Deep groundwater samples 
were separated into flooded area, paddy field and fruit garden. Groundwater level before pumping 
activities range from -9 m to -10 m in flooded area, from -11 m to -12 m in paddy field, and from 
-13 m to -14 m in fruit garden, and from -11 m to -12 m in Cao Lanh city.  
Almost all of deep well in Dong Thap was established for water use suppling facilities, and 
groundwater has pumped continuously about from 17 to 20 hours/day night to supply water use for 
resident. After excessive exploited nearly 20 hours, the groundwater level decreased about from 
10 to 14 m. Groundwater level in the fruit garden becomes decreased mostly from -26 m to -27 m 
due to this area is mostly pumped. Groundwater level in flooded area declined from -21m to -22 
m, paddy field declined from -23 m to-24 m. Pressure head of groundwater decreased about from 
11 to 15 m with increasing value from the flooded area toward fruit garden (Fig. 48).   
Figure 49 shows the location of wells and cross section from flooded area to fruit garden, which 
is based to make the contour line of hydraulic head and pressure head. Figure 50 shows the 
distribution of contour line of hydraulic head before and after pumping activities. The hydraulic 
head between the flooded area and fruit garden before pumping is -3 m, and increased to -6 m after 





more clearly.  However the gradient between two regions is very small due to the distance is about 
60 km.  
Figure 51 shows the contour line of pressure head of groundwater on the cross section from 
flooded area to the fruit garden in the before and after pumping activities. Under pumping activities 
which occurs whole the province, pressure head after pumping decreased from 11 to 15 m compare 
with that of before pumping. Groundwater flow direction flows from flooded area to fruit garden 
















































 Figure 48: (a) Hydraulic head and (b) pressure head of pumping wells 























































7.2 Groundwater flow in deep aquifer 
Groundwater flow system is an important discussion about groundwater system in deep aquifer. 
Especially, interaquifer flows are the flows to from other aquifer, which can be important parts of 
the water balance of an aquifer.  
Groundwater system in deep aquifer is separated into 3 region such as flooded area, paddy field 
and fruit garden. However, observation wells were managed by Dong Thap Province established 
only in flooded area is QT3, paddy field is QT2, without fruit garden. Observation well QT1 located 
in Cao Lanh city, capital city of Dong Thap, near fruit garden (Fig.52). In the chapter 2, 
groundwater pumping status in Dong Thap province mentioned that groundwater is mostly pumped 
from the deep aquifer with the depth below 200 m, especially ranges from 300 to 450 m. 
Groundwater pumping in deep aquifer could be affected to the groundwater flow in interaquifer. 
Thus calculate flow fluxes through aquifer is necessary to evaluate groundwater system in deep 
aquifer.  
As mentioned in the Chapter 3, interaquifer flows can also be governed and described by 
Darcy’s Law with a minor transformation as below equation: 
               V= i×K                                                 (Equation 5) 
               K=Kh /cos a                                          (Equation 6) 
where, K is total hydraulic conductivity (m/d); Kh is hydraulic conductivity in horizontal, Kv is 
hydraulic conductivity in vertical; V is velocity by Darcy’s law (m/d); i is hydraulic gradient (h1-
h2)/L; h1 and h2  are hydraulic head at point 1, 2; L is length from point 1 to 2; a is angle formed by 





Hydraulic head of observation wells in each area is defined by groundwater level data in 2010 
at the depth is 390 m (QT1-Cao Lanh), 323 m (QT2-paddy field), 292 m (QT3-flooded area) and 
hydraulic head at QT1 is -8.55 m, QT2 is -7.75 m and QT3 is -5.75 m (Fig. 52).  
The distance of each QT1-QT3 is estimated by 23.5 km for Cao Lanh-flooded area, and 25 km 
for Cao Lanh-paddy field. The hydraulic conductivity as shown in Table 1.  
The result of horizontal interaquifer flows in deep aquifer was shown in the Table 2. The 
interaquifer flows in deep aquifer (300-390 m) from the flooded area toward to Cao Lanh city is 
estimated by 24×10 -5m/day, for paddy field-Cao Lanh is 6.4×10 -5m/day.  
According to the Table 3, groundwater pumping rate in Cao Lanh is 16.17×10 -5m/day, in 
flooded area is 2.58×10 -5m/day, and in paddy field is 2.59×10 -5m/day, which is based on the 
pumping rate is shown in Figure 16 (Dong Thap 2012). Comparing to the groundwater flow in 
horizontal, groundwater pumping rate in each region is similar same order of that by groundwater 
flow.    



































Figure 52: Location of observation wells and concept model of calculate 






















QT3-QT1 (m/d) QT2-QT1 (m/d)
Kh 2 Kh 2
Kv 0.53 Kv 0.18
K 2.07 K 2.01
a 15° b 5°
cos a 0.966 cos b 0.996
Hydraulic conductivity 
Table 1:  Estimated hydraulic conductivity  











iFlux by Darcy's Law in horizontal V (m/d)
Table 3: Result of groundwater pumping rate 
Cao Lanh (QT1) 16.17×10
-5
Flooded area (QT3) 2.58×10
-5

















7.3 Effect of floodwater in flooded area  
 
Table 4 shows the result of groundwater pumping rate in flooded area, paddy field and fruit 
garden with the groundwater decreasing rate in deep aquifer (Dong Thap 2012). The pumping rate 
from the deep aquifer in flooded area is 25.9 (m3/km2/d) and is similar to flooded area with 25.9 
(m3/km2/d), but groundwater decreasing rate in paddy field is 0.73 m/y higher than that in flooded 
area which is 0.62 m/y. 
Figure 53 shows the Mekong River water and groundwater level change during flooding season 
compare with floodwater level change in flooded area (Hung et al., 2012). Generally, flood water 
level change is similar with the change of Mekong River water level. The groundwater level in 
flooded area was most similar with that of river water and flood water. Moreover, flooded area is 
cover by large inundation during all time, especially during the flooding season. For these reason, 
groundwater in flooded area is recharged by the surface water from inundation.  
Darcy’s Law is used to estimate the recharge time from inundation to shallow aquifer. In this 
case surface is covered by depth clay with 8-10m of depth, h1 and h2 area hydraulic head of surface 
water and 1st aquifer groundwater. Hydraulic head of surface water is estimated by flood water 
level in the flooding season. K is hydraulic conductivity in vertical which is referenced the data of 
Mekong Research Group (AAN 2012). It will be take about 151 days for surface water recharge 
into groundwater reach at depth of 10 m. This result indicates that groundwater recharge by 
floodwater will not occur immediately, but the flood is natural cycle from thousands of years ago 
during the formation of this delta, thus groundwater is recharged annual from flood water during 



















Cao Lanh city 17299 161.7 332 0.6 (390m)
Flooded area 23155 25.8 331 0.62 (292m)
Paddy field 22163 25.9 349 0.73 (323m)


















Table 4: Result of groundwater pumping rate in flooded area, paddy field 






Figure 53: (a) Groundwater and river water levels change during flooding period in 
flooded area (Dong Thap, 2011) 







7.4 Hydrochemical process of deep aquifer revealed by 
major ions 
 
7.4.1 Geochemical evolution in deep aquifers 
 
The relationship between Na+/total cation and HCO3
-/total anion to evaluate the geochemical 
evolution of deep groundwater in the flooded area, paddy field and fruit garden is shown in Figure 
54. The groundwater in the paddy field characterized by the highest ratio of HCO3
-/total anion, 
whereas groundwater of fruit garden dominated by the highest ratio of Na+/total cation.  
Groundwater of flooded area and fruit garden distributed into the saline environment area with 
ratio of HCO3
-/total anion is same, but the ratio of Na+/total cation of groundwater in the fruit 
garden is higher than that ratio of groundwater in the flooded area.  
On the other hand, the relationship between Na+ concentration and depth of groundwater as 
shown in the Figure 54 indicated that increasing of depth wells did not positively respond to the 
increasing or decreasing of Na+ concentration. However, all of groundwater of fruit garden be 
lower than approximately depth of 340 m with the highest Na+ concentration. Almost all of 
groundwater of flooded area be lower than depth of 360 m with variation Na+ concentration is large.  
These results demonstrates that geochemical composition of groundwater in deep aquifer  were 
not affected by depth of aquifer, contrary geochemical evolution process of groundwater was 



















Figure 54: Geochemical evolution by Na+/total cation and HCO3





7.4.2 Diagram of isotopic values of deep groundwater 
 
The relationship between δ18O and δ2H for deep groundwater was shown in the Figure 55, and 
separated into the rainy (a), and dry seasons (b). 
The regression line of the groundwater flooded area region is 6.7 and -4, respectively in the 
rainy season and 6.4 and -5, respectively in the dry season. Stable isotope ratios ranges from -7.5‰ 
to -6.2‰ and did not change so much between two seasons. 
The slope and the intercept of paddy field is 4.9 and -14.9, respectively in the rainy season. 
Stable isotope ratios ranges from -7.4‰ to -6.7‰. 
The slope and the intercept of fruit garden region is 9.1 and 15, respectively in the rainy season 
and 4.7 and -15.7, respectively in the dry season. Stable isotope ratios ranges from -7.5‰ to -6.9‰ 
and did not change so much between two seasons.  
The slope and the intercept of the LMWL were 7.6 and 8.76, respectively, and close to those 
of the global meteoric water line (GMWL). All of groundwater samples plotted below the LMWL 
indicates. These result indicate that almost all of groundwater in deep aquifer is affected by 
evaporation, especially groundwater in the flooded area is most strongly affected. Groundwater in 
flooded area is tended to be heavier than groundwater in other regions due to evaporative 
enrichment. Flooded area is covered by approximately 80 km2 of Tram Chim National park, which 
is covered by large wetland forest (Malaleuca forest) with depth of inundation about 0.5 to 1.2 m 
in the dry season, and increase to 3 to 4 m in the flooding season. This indicates that groundwater 
in this region is also provided recharging sources from inundation water. Thus, groundwater is 





inundation water is easily evaporated and this is caused of heavy isotope values of groundwater in 
the flooded area.  
Against the flooded area, paddy field was cover by smaller inundation than flooded area was 
in the flooding season (Fig. 14). Fruit garden is also has not been inundated during the all year, 
unless in the flooding season. This explains that groundwater in two regions was not affected by 
surface water such as flooded area did.  
Figure 56 shows the relationship between δ18O and δ2H of groundwater samples of 2nd aquifer 
and deep aquifer which is classified into 3 regions flooded area, paddy field and fruit garden. Stable 
isotopic values of groundwater in flooded area indicated that it is affected by evaporation more 
strongly than that of value in paddy field and fruit garden in the both 2nd aquifer and deep aquifer 
groundwater. Especially, groundwater samples located in the inundation area, where is mostly 
affected strongly by floodwater, the stable isotopic values of groundwater is the heaviest and 





































Figure 55: Diagram of δ18O and δ2H values of deep groundwater in 































Figure 56: Diagram of δ18O and δ2H values of 2nd aquifer and deep aquifer groundwater in 





7.4.3 Ion exchange process in deep aquifers 
 
The results from the chemical analyses were used to identify the geochemical processes and 
mechanisms in the deep aquifer. The plot of Na+/Cl- ratio versus EC (Fig. 57) shows the ratios of 
Na+/Cl- greater than 1 is typically interpreted as Na released from a silicate weathering reaction 
(Meybeck, 1987). Weathering of silicate rocks in the region is one of the important processes 
responsible for the higher concentration of Na in groundwater of this area (Fig. 54) (Kozlowski et 
al., 2016).  
Moreover, as shown in Figure 57a, decreasing values of the ratio of Na/Cl increase the EC 
indicates that evaporation is not the major process in this area and an ion exchange process is 
prevalent in deep aquifer in Dong Thap (Kumar et al., 2006, Aghazadeh and Mogaddam, 2011, 
Kozłowski et al., 2016, T. Subramani, 2009).   
Ion exchange is one of important processes responsible for the concentration of ions in 
groundwater. The chloro-alkaline indices (CAI) are suggested by (Schoeller, 1977), which 
indicates the ion exchange between the groundwater and its host environment. The CAI is 
explained by the formulae below: 
CAI = (Cl-Na-K)/Cl                                      (Equation 7) 
When there is an exchange between Na+ or K+ in groundwater with Mg2+ or Ca2+ in the rock, 
both of the indices are positive, indicating reverse ion exchange. If the exchange takes place 
between the Mg2+ or Ca2+ in groundwater with Na+ or K+ in the aquifer material, the indices will 
be negative, indicating ion exchange (Rajmohan and Elango, 2004, Sajil Kumar and James, 2013).  
The relationship between Ca2+ and CAI indices (Fig. 57b) shows that CAI indices of most of water 





(Mg2+) in the groundwater with Na+ (K+) in the aquifer material, and this case Na+ in clay material 
exchange with Ca2+ in groundwater (Kozłowski et al., 2016, T. Subramani, 2009).  
Some samples 19, 51, 53, and 60 show the positive indices indicate reverse ion exchange with 
Na+ in water exchange with Ca2+ in clay material. However, groundwater samples 51, 53, and 60 
show high Na+ and Cl- due to excess releasing Na+ from clay more than other region or effect of 
saline mineral. The land-use contamination due to irrigation activities is excluded because 
concentration of nitrate in groundwater was not detected and contamination travel from surface 
into depth of 300 m is unlikely.  
According to (Lap Nguyen et al., 2000) detailed mapping and sedimentary studies in the 
Mekong River Delta indicate that the maximum of the post-glacial transgression occurred at around 
6000±5000 yr BP. Figure 58 shows the model of coastal evolution in the Mekong River Delta in 
about 4500 yr. BP. The confirmed coastline separated Dong Thap area into 2 regions with paddy 
field and flooded area above sea, and fruit garden is below sea. The results show that around 4550 
yr BP, the coastline ran from Cailay (paddy field) on the northern bank of the Mekong River to 
Omon and Tanhiep on the western bank of the Bassac River. This result mentioned that fruit garden 
is affected by flood basin deposits and distinguished and sea transgression-regression during the 
delta progradation, leading to sediment environment is affected by saline and fossil more strongly 

































(a): EC versus Na/Cl 
(b): Ca versus CAI 











1. Basement rock, 2. Upland, 3. Mangrove forest, 4. Confirmed coastline, 5. Unconfirmed coast 
line (Nguyen et al., 2000) 
Figure 58: Idealized model of coastal evolution in the Mekong River Delta during the last 6000 





7.5 Effect of excessive pumping on groundwater 
recharge in flooded area 
 
    Bangkok and Jakarta are Asian megacities, where is located on the river delta or is adjacent to a 
bay, and has been facing with decreased groundwater potential and land subsidence because of 
intensive groundwater pumping in urban areas. The result of study about the effects of intensive 
urbanization on the intrusion of shallow groundwater into deep groundwater suggests that intrusion 
of some contaminants from shallow to deep aquifers with downward groundwater flow and implies 
an accumulation of contaminants in deep aquifers (Onodera et al., 2008). In Jakarta, shallower 
groundwater intrudes into the deep one because of excessive groundwater pumping from the mid-
1980s, and  this result is consistent with the detection of CFC-12 and SF6, which functions as an 
indicator of young groundwater even in the deep groundwater (Kagabu et al., 2011). 
The comparing of groundwater pumping rate, groundwater table decreasing rate, and land 
subsidence rate between Bangkok, Jakarta, and Dong Thap (in Mekong Delta) is showed by Table 
5 indicates that pumping rate in Dong Thap is smaller than that of 2 cities about 20 times, but 
groundwater decreasing rate and subsidence rate is same. This result suggest that groundwater 
potential and groundwater recharge in Dong Thap is very low due to low topography and thick clay 
is also as indictor prevent surface water recharge into groundwater.  
Vertical flux can also be governed and described by Darcy’s Law with a minor 
transformation as below equation:  
V= i×K                                        (Equation 8) 
where, K is hydraulic conductivity in vertical, V is flux by Darcy’s law (m/y), i is hydraulic gradient 
(h1-h2)/(Z2-Z1); h1 and h2  are hydraulic head at point 1, 2; and Z1, Z2 are elevation of bottom from 1, 





To evaluate the change of vertical drawdown flux under excessive pumping, vertical velocity 
between 2 consecutive aquifers is based on observation of groundwater level in flooded area at 
depth of 34m, 133m, 168m, 232m, and 292m. Based on the result of vertical fux between 5 
observation wells, the vertical velocity between 2 consecutive aquifers from 1st to 6th aquifer is 
showed in the Table 6.  
The depth of each aquifer is determined by 50 m of depth from surface to 300 m of depth. 
According to Table 7, vertical flux between shallow aquifer means 1st and 2nd aquifer with 3rd 
aquifer is 12.3×10-4, and decreased to 2.6×10-4 and 1×10-4 between 3rd and 4th aquifer, and 4th and 
5th aquifer, respectively. However, vertical between 5 and 6th aquifers become increased to 3.8×10-
4 due to effect of pumping in 6th aquifer. Thus, vertical flux between 3~5th aquifers is very long, 
but between 5~6th aquifer (250~300m) that becomes shorter 4 times compare with above aquifers. 
When groundwater in 6th aquifer decreased to -20m after pumping, recharge time from 5 to 6th 
aquifer becomes shorter 6 times compare with before pumping (Table 7). This result indicates that 
pumping activities is considered as an indicator of groundwater flows from upper aquifer into 
deeper aquifer.  
Moreover, according to Figure 21, that shows the hydrological construction in upstream region, 
indicates that fault line is existed in above of flooded area. Groundwater from shallow aquifer will 
move across the fault line recharge into deep aquifer (Folch and Mas-Pla, 2008, Wannous et al., 
2016).  The effect of excessive pumping in deep aquifer and exist of fault line are considered as 
evidence of groundwater recharge in vertical in Dong Thap. This is can be explained that stable 
isotopes composition of groundwater in flooded area is higher than that of groundwater in other 





the relationship of isotopic compositions of groundwater in 2nd aquifer and deep aquifer in flooded 






































































4 200 -5.93 2.6×10
-4
5 250 -6.64 1×10
-4











Bangkok 1600 1975~ 2.3×10
6
 (1998) 1.6 (1979~98) 2~5 (2003)
Jakarta 650 1985~ 2.3×10
6























Table 5: Comparing of groundwater pumping condition between 
Bangkok, Jakarta and Dong Thap 
 
Table 7: Vertical downward flux in flooded area after pumping activities 
4 200 -5.93
5 250 -6.64















7.6 Evaluation of pumping effect on groundwater 
quality in deep aquifer 
 
Groundwater in deep aquifer has been started to extract for domestic water use since the early 
1980s. The study was under taken by Erban et al., 2013 indicated that intensive groundwater 
extraction is causing land subsidence of up to 3 cm/y as measured using satellite-based radar 
images from 2007 to 2010 and consistent with transient 3D aquifer simulations showing similar 
subsidence rates and total subsidence of up to 27 cm since. Moreover, excessive groundwater 
pumping in deep aquifer below 150m during 30 years in Mekong Delta is cause of releasing 
Arsenic from clay to deep aquifer due to interbedded clays compact and expel water containing 
dissolved arsenic or arsenic-mobilizing solutes to deep aquifers over decades.  
The discussion about deep groundwater system in Dong Thap is based on the characteristics of 
geochemical compositions of groundwater samples, the different natural inundation condition and 
contribution of surface water in each regions, groundwater pumping status in deep aquifer, and 
shown as the Figure 60.  
The schematic diagram of groundwater in deep aquifer indicates that groundwater pumping 
activities in Dong Thap is one of main cause lead to groundwater quality is different in each regions. 
Because groundwater is excessively exploited during near 30 years (all of deep well is established 
from 1995), lead to groundwater level has decreased 6-7 m, and under decreased pressure head, 
and clay is compacted and squeezed, releasing water into aquifer. Furthermore, the different state 
of inundation and connection to surface water in floodplain, paddy field and fruit garden is factor 
lead to the different of geochemical composition of each regions. Under pumping activities, clay 
compaction occurs, Na+ in clay is released into aquifer and exchanged with Ca2+ in groundwater 





isotopic composition more than paddy field and fruit garden because in the flooded area, 
groundwater is recharged by evaporated surface water from inundation area during along times 
before. This result corresponds to the fact that seasonal change of deep groundwater was most 
similar with that of flood water (similar with river water) in the flooded area. Thus, aquifer in 
floodplain also included water which is recharged by evaporated water. This demonstration may 
be accepted because groundwater in 2nd aquifer of floodplain is recharged by evaporative 
enrichment surface water and isotopic value is heavier than that value of groundwater in paddy 
field and fruit garden, too.  
This result also suggests that because in the floodplain the clay in deep aquifer is not as thick 
as surface, thus Ca2+ composition and heavy isotopic value of groundwater is mainly originated 
from aquifer and this process is more strongly than the effect of clay compaction. So that, flood 
water inundation area plays important sources for groundwater recharge.  
The isotopic composition of groundwater in paddy field and fruit garden is same value, but Na+ 
and Cl- concentration in fruit garden is higher than that of paddy field and floodplain. Because in 
fruit garden, groundwater was mostly pumped with rate is 56.4 (m3/km2/d) more than paddy field 
with 25.8 (m3/km2/d) and flooded area with 25.9 (m3/km2/d) (Table 5) and thicker clay distribution, 
thus clay compaction and squeeze is more strongly. The higher Na+ concentration of few 
groundwater samples in fruit garden, which located in the area has the highest density pumping 
rate is result of excessive releasing Na+ into aquifer and exchanged with Ca2+ and this process is 
more frequency than paddy field and flooded area does. In addition, the high Cl- concentration of 
these water samples is because Cl- is released in the process releasing Na+ from saline rich clay 
mineral more than other region. The excessive Cl- concentration is originated by land-use 
contamination due to irrigation activities is excluded because concentration of nitrate in 

























7.7 Effect of mountain region and upstream on 
groundwater recharge in deep aquifer 
 
7.7.1 Recharge process from Seven Mountains region to Dong 
Thap  
 
Seven Mountains is a collection of seven mountains located in An Giang province, adjacent to 
Dong Thap province in the northeast, sharing a border with Cambodia to the northwest. The 
elevation of seven mountains ranges from 20 to 716 m (Photo 4). Figure 61 shows the hydrological 
cross section through Seven Mountains and Dong Thap with location of that core borings. Distance 
of Seven Mountains to Flooded area is approximately 45 km. The hydrological construction 
indicates that it has two fault line when it cross from Seven Mountains region to Dong Thap.   
The schematic model of groundwater flow from Seven Mountains to flooded area in Dong 
Thap is explained by Figure 62 based on the hydrological cross section information. If groundwater 
from Seven Mountains flows to Dong Thap, the result of groundwater flow in horizontal and travel 
time from it to flooded area is showed in the Table 8, indicates that it with the distance 45 km and 
hydraulic gradient is very small, it is estimated to take near 848 years to groundwater travel from 
mountains region to flooded area. However, the recharge by Seven Mountains is very difficult 
because of bedrock construction of mountain and fault line between it and Dong Thap leading to 
groundwater flow across to fault line before reaching Dong Thap. Besides that, the distribution of 
thick clay in hydrological cross section is considered as cause of preventing groundwater recharge 
















Table 8: Estimated groundwater flow in horizontal and travel time from Seven Mountains region 











20 500 -8.7 0.145 45,000 848
















Thuy Dai Son, elevation 20m Lien Hoa Son, elevation145m 
Anh Vu Son, elevation 225m Ngu Ho Son, elevation 265m 
Phung Hoang Son, elevation 614m Ngoa Long Son, elevation 580m 
Photo 4: Landscape of Seven Mountains region with elevation (Zing.vn) 
Thien Cam Son, 





7.7.2 Recharge process from upstream region to Dong Thap  
 
To hypothesize that groundwater in Dong Thap is recharge be groundwater flows from 
upstream region, Phnom Penh located in the upstream of Dong Thap, where distance to flooded 
area about 100 km is considered recharge zone. The elevation of Phnom Penh is from 38 to 66 m 
above sea level (Fig. 63). The result of groundwater flow in horizontal is showed in Table 9 
indicates that it is estimated to take 16,223 years to groundwater flow from Phnom Penh to flooded 
area. This result indicates that travel time from upstream to flooded area will take a long time if 
compare with travel time from Seven Mountains to flooded area.  
Besides that, Figure 64 shows the stable isotopic values of groundwater, which was collected 
from Phnom Penh (Lawson et al., 2016) and flooded area. Stable isotopic values of shallow 
groundwater in Phnom Penh ranged from -8 to -6 ‰ with δ18O value, and from -52 to -35 ‰ with 
δD value, while that value of groundwater in flooded area are from -7.5 to -6.4 ‰ with δ18O, from 
-52 to -44 ‰ with δD value. Groundwater samples typically fall on or below the LMWL, with a 
trend to more isotopically enriched values characteristic of surface waters signatures and indicative 
of contributions from an evaporated source of recharge to the groundwater. This result suggests 
that groundwater in Phnom Penh and Dong Thap were originated from surface water and 











Table 9: Estimated groundwater flow in horizontal and travel time from Seven Mountains region 




Upstream-flooded area 20 50 -8.7 0.017 100,000 16,335
















































Figure 64: Comparing the stable isotopes of groundwater in (a) flooded area and (b) Phnom 
Penh (Lawson et al., 2016) 










This study objectives to clarify the effect of surface water in shallow groundwater recharge, 
and to investigate the role of surface water in the deep groundwater flow and recharge under 
pumping activities in the area covered by different typical land use and inundation condition during 
flooding season in the Mekong Delta.  Shallow aquifers at the depth of 0 to 100 m are separated 
into 1st and 2nd aquifers, and deep aquifers at the depth of 200 to 450 m are separated into 5th to 8th 
aquifers. Considering the inundation condition during flooding period and land use conditions, 
Dong Thap Province is separated into 4 regions; those are flooded area covered by larger wetland 
forest and inundation during flooding season, paddy field covered by crop rice and partly affected 
by flood in rainy season, fruit garden dominated by fruit tree and not affected by flood, and Tay 
Island covered by crop field and surrounded by Mekong River. 
The results of study indicate that: 
1) The groundwater level in shallow and deep aquifers responses with Mekong River water 
level, with a delay of 7 to 10 days in shallow aquifer, and 3 to 4 weeks in deep aquifer. 
Especially, groundwater level of deep aquifer in flooded area increased near 1.5 m, 
responded mostly with flood water during the flooding season. 
2) The stable isotopic composition of shallow aquifer was specifically low isotopic values, 
which is same as the river and channel water during the peak flow, especially at Tay Island 





3) Geochemical and stable isotopic compositions of 1st aquifer is characterized by Ca-HCO3 
type, similar with that of surface water, suggesting an important role of surface water in 
shallow groundwater recharge. Contribution ratio of Mekong River water to the 1st and 2nd 
aquifers is estimated to be 33 to 95% in Tay Island and 70 to 90% in central area of Tay 
Island, whereas that of channel water to the 2nd aquifer is estimated to be 44 to 74% in other 
regions based on End Member Mixing Analysis. 
4) Chemical composition of groundwater in deep aquifers was principally characterized by 
Na-HCO3 type, though ratio of Ca
2+ in total cation in the deep aquifers is a little higher in 
flooded area as compared with that in other regions. Also, the stable isotopic composition 
of the groundwater in the deep aquifers is a little higher as compared with that in other 
regions. Considering the temporal change of deep groundwater synchronized with the 
Mekong River, these suggest that surface water in flooded area makes an important role in 
groundwater recharge of deep aquifers.  
5) Horizontal component of groundwater flux in the deep aquifers is estimated to be the same 
order as pumping rate in flooded area based on Darcy’s Law, suggesting that pumping of 
the groundwater may cause enhancement of groundwater recharge by the surface water in 
the flooded area. Also, excessive pumping in the deep aquifers causes’ clay compaction 
leading to release of the water from clay into aquifer, and ion exchange process in the deep 
groundwater becomes active.  
6) It is possible that surrounded mountain and upstream regions may be recharge area for 
maintaining the base groundwater flow in the deep aquifers, and over pumping may cause 








The results of recharge of surface water in shallow groundwater recharge and, and recharge 
under pumping activities in deep aquifer considering the different typical land use and inundation 
condition during the flooding season is useful outcomes for sustainable water resource 
management in the Mekong Delta.    
The excessive groundwater pumping over the groundwater potential of recharge rate and 
transmission properties area is cause of decreased groundwater table. Therefore, flood water and 
inundation in flooded area play an important resources for groundwater recharge in the Mekong 
Delta to solve the depletion groundwater sources in deep aquifer in the Mekong Delta.  
Furthermore, before groundwater pumping has become seriously extracted in the Mekong 
Delta from the mid-1980s, the Mekong River and channel water are traditional water sources for 
domestic water use. However, due to the exploiting groundwater too easy and lack of suit 
management reasonable management, deep groundwater was exploited indiscriminately leading to 
decline water resources as the current. Therefore, groundwater exploitation should be changed by 
combined with surface water during the flooding season, where surface water is as safe water 
source for the domestic use.   
In this study, due to the limited of hydrogeological information, especially the lack of data of 
groundwater in middle aquifer, which is connection of shallow and deep aquifer, lead to encounter 
many difficulties in the discussion of deep groundwater recharge process. In addition, the more fine 
result of study is expected in future work if some better hydrological information can be acquired 
and more groundwater samples and observation of water level were collected. It is hope that if has 





aquifer and deep aquifer in this study, the vertical recharge of groundwater in deep aquifer is more 
clarified clearly. Furthermore, the estimation of resident time of deep aquifer will be important 
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6 SGW house 547617 1205021 1994 35 29.2 -18 0.884 6.66
7 SGW house 547644 1205075 2000 13 29.3 -18 0.881 6.58
8 SGW house 547684 1205137 2002 14 29.3 -90 0.439 6.67
10 SGW house 546742 1211515 2011 50 29.9 37 0.917 5.78
20 SGW irrigation 542571 1180300 2011 11 29.4 -152 1.609 7.05
24 SGW house 547496 1169922 2000 30 29.1 -149 1.001 6.90
25 SGW house 547539 1169912 2000 60 29.7 46 4.65 6.39
29 SGW irrigation 546664 1167473 2013 28 29.1 -155 1.209 7.02
31 SGW house 545920 1166635 2005 35 29.3 -149 0.845 7.48
32 SGW irrigation 539967 1172055 2007 20 28.9 -161 0.936 7.11
33 SGW house 539863 1183141 2005 25 28.8 -150 0.402 7.22
34 SGW house 543507 1174615 2000 70 29.2 -1 4.26 6.93
38 SGW house 570714 1163811 2013 70 29.8 8 2.75 6.47
46 SGW house 598257 1155512 2012 80 29.4 -2 0.666 6.23
49 SGW house 586163 1177642 2012 40 28.3 57 2.72 6.27
52 SGW house 569796 1136231 2000 75 29.7 -31 3.24 6.71
55 SGW house 571534 1125007 2000 95 29.9 -107 0.831 7.15
57 SGW house 568989 1150590 2010 65 29.7 63 2.75 6.90
61 SGW house 583995 1133185 2006 65 29.5 64 5.81 6.69
63 SGW house 559994 1176538 2013 52 29 56 2.76 6.47
64 SGW house 560032 1175904 2013 38 29 68 2.35 6.44
9 DGW supply 546869 1211803 2009 220 32.8 -58 0.664 7.07
12 DGW supply 559823 1177504 2005 294 34.6 -35 0.511 7.34
13 DGW supply 562477 1179610 2005 325 35.4 -113 0.504 7.08
14 DGW supply 566616 1179754 2004 360 35.8 -109 0.696 7.45
15 DGW supply 556421 1180568 2006 325 35.2 -69 0.557 7.69
16 DGW supply 568164 1188104 2012 330 33.7 -44 0.691 7.62
18 DGW supply 558700 1184651 1999 290 34 -80 0.479 7.21
19 DGW supply 542583 1180553 2005 268 35.5 -9 0.886 7.20
21 DGW supply 543122 1182361 2005 251 34.9 -95 0.796 7.45





























27 DGW supply 560284 1169032 2005 360 35.4 -110 0.585 7.56
28 DGW supply 563736 1172891 2005 360 36.7 -98 0.807 7.94
36 DGW supply 572367 1172297 2007 360 36.9 -107 0.567 7.66
37 DGW supply 570638 1164006 2004 360 33.9 -88 0.526 7.73
40 DGW supply 573912 1157628 2007 360 36 -73 0.651 7.71
41 DGW supply 582544 1154762 2008 380 38.8 -116 0.674 7.89
42 DGW supply 588587 1142012 2010 400 42.8 -78 0.767 7.98
43 DGW supply 584068 1163537 2005 360 35 -76 0.483 7.74
45 DGW supply 598118 1155331 2003 326 35.4 -52 0.425 7.53
47 DGW supply 595307 1163151 2000 326 35.6 -112 0.457 7.42
50 DGW supply 573403 1179128 2003 318 35.8 -106 0.771 7.70
51 DGW supply 569810 1137757 2005 360 36.1 -51 1.236 8.03
53 DGW supply 565350 1133592 2004 340 34.1 -114 1.335 7.76
54 DGW supply 573728 1124112 2001 355 36.7 -35 1.137 7.88
59 DGW supply 594389 1131495 2004 390 37.5 74 0.773 7.98
60 DGW supply 584235 1133053 1998 450 40.1 42 1.85 7.98
62 DGW supply 573809 1149731 2008 348 37 69 0.734 7.73
1 RW 543491 1177536 27.8 -12 0.0941 6.45
2 RW 537536 1194313 28 -35 0.0899 6.68
3 RW 528772 1195327 29 -48 0.0909 6.82
4 RW 521632 1204918 28.8 -32 0.398 6.74
30 RW 546307 1166409 29 -66 0.1081 7.73
35 RW 561902 1160680 28.5 141 0.1134 7.76
56 RW 570784 1150744 28.9 -40 0.1055 7.87
58 RW 587142 1135833 28.8 -60 0.1057 7.77
5 CW 545648 1201357 29.8 -17 0.1284 7.21
11 CW 558447 1175818 28.7 1 0.192 7.20
17 CW 565621 1184851 28.9 8 0.1082 7.68
22 CW 548923 1181638 28.4 -31 0.1061 7.74
23 CW 552704 1194364 28.3 13 0.1191 7.49
39 CW 570634 1163920 29.4 -20 0.1338 7.29
44 CW 595077 1159769 29.2 9 0.1562 7.57











6 4.55 3.14 2.29 0.08 3.27 5.75 0.46 -3.84 -28.01
7 3.67 2.20 3.50 0.08 3.87 4.72 0.50 -4.55 -34.45
8 1.70 0.62 1.94 0.06 1.19 3.08 0.11 -4.92 -33.19
10 1.46 2.70 4.42 0.13 4.85 1.32 1.79 -5.99 -41.23
20 3.17 2.68 9.26 0.30 7.30 9.31 0.12 -7.36 -51.68
24 3.64 1.30 3.48 0.13 3.07 6.25 0.09 -6.70 -45.90
25 8.11 11.46 31.77 0.32 45.83 3.34 1.02 -6.96 -49.45
29 4.59 2.24 2.73 0.30 1.09 9.21 0.10 -8.03 -55.14
31 1.93 2.71 3.96 0.18 1.16 8.43 0.05 -8.86 -63.12
32 4.62 1.90 1.45 0.22 0.25 8.29 0.05 -8.78 -62.46
33 1.55 2.18 0.47 0.08 0.31 4.34 0.03 -8.64 -61.77
34 1.55 3.67 41.31 0.50 34.63 7.36 0.80 -7.43 -51.75
38 5.22 7.61 15.65 0.19 25.01 1.90 0.48 -6.70 -48.48
46 0.65 1.07 4.39 0.12 4.39 1.23 0.30 -6.79 -47.95
49 2.72 6.65 19.36 0.31 23.45 2.86 0.77 -6.67 -46.36
52 8.41 13.46 15.89 0.27 23.74 4.80 6.02 -7.08 -49.00
55 1.97 2.75 4.31 0.19 3.10 5.09 0.40 -6.49 -46.75
57 7.38 9.41 13.76 0.07 25.68 3.38 0.23 -7.56 -53.87
61 6.03 10.06 49.83 0.37 58.31 3.89 1.40 -5.84 -40.06
63 5.69 9.66 14.98 0.18 23.65 2.91 1.37 -6.71 -48.63
64 2.39 7.70 14.98 0.16 20.34 2.81 1.10 -6.69 -48.98
9 1.34 0.60 5.25 0.08 1.71 4.83 0.39 -6.97 -51.01
12 0.77 0.41 4.34 0.10 0.48 4.47 0.40 -6.46 -47.10
13 1.15 0.69 3.38 0.14 0.90 3.69 0.44 -6.63 -48.52
14 1.45 0.73 5.09 0.10 1.81 4.79 0.48 -6.76 -49.64
15 1.14 0.56 4.11 0.14 1.30 3.99 0.34 -6.92 -50.24
16 1.38 0.71 5.27 0.12 1.68 4.86 0.50 -6.98 -50.92
18 1.28 0.70 3.02 0.16 0.73 3.77 0.35 -6.83 -48.70
19 1.49 0.59 7.11 0.07 3.34 4.87 0.62 -7.50 -54.78
21 1.38 0.55 6.46 0.07 2.37 4.89 0.61 -7.43 -53.13










































27 0.85 0.45 4.95 0.09 0.82 4.61 0.49 -6.60 -48.81
28 1.32 0.61 6.47 0.09 2.56 4.90 0.59 -6.83 -50.70
36 0.75 0.39 4.96 0.08 0.68 5.19 0.33 -6.72 -48.95
37 0.59 0.46 4.60 0.09 0.64 4.56 0.30 -6.66 -48.59
40 0.93 0.49 5.78 0.07 0.75 5.37 0.63 -7.15 -51.13
41 0.62 0.29 6.36 0.06 1.05 5.30 0.48 -7.40 -51.18
42 0.32 0.09 7.79 0.05 1.26 6.30 0.37 -7.42 -52.65
43 0.65 0.42 4.27 0.09 0.27 4.71 0.33 -7.12 -49.75
45 0.43 0.30 4.09 0.08 0.22 4.47 0.24 -6.72 -47.97
47 0.67 0.47 4.10 0.10 0.33 4.95 0.19 -7.11 -48.85
50 1.11 0.61 6.49 0.09 2.15 4.98 0.61 -6.52 -47.28
51 0.66 0.26 12.23 0.06 4.03 7.14 1.14 -7.05 -48.76
53 0.82 0.42 12.89 0.08 5.23 7.15 0.95 -6.98 -47.99
54 0.49 0.24 11.41 0.06 3.20 7.46 0.79 -7.10 -48.54
59 0.42 0.18 7.72 0.05 1.28 5.95 0.53 -7.38 -51.45
60 1.11 0.59 17.13 0.10 10.97 6.31 0.89 -7.35 -50.45
62 0.66 0.42 6.64 0.07 1.27 5.15 0.87 -7.16 -50.44
1 0.55 0.18 0.13 0.04 0.10 0.80 0.06 0.008 -7.98 -56.01
2 0.56 0.18 0.13 0.03 0.10 0.84 0.06 -8.00 -55.54
3 0.56 0.18 0.14 0.04 0.10 0.85 0.06 0.004 -7.96 -55.72
4 0.97 0.29 0.27 0.07 0.13 1.10 0.19 0.035 -7.99 -55.58
30 0.66 0.21 0.14 0.04 0.10 0.96 0.07 0.009 -8.14 -56.78
35 0.69 0.23 0.16 0.05 0.11 0.99 0.08 -8.05 -57.44
56 0.66 0.21 0.15 0.04 0.11 0.96 0.06 0.008 -8.23 -58.88
58 0.59 0.18 0.14 0.04 0.10 0.88 0.06 0.006 -8.58 -61.56
5 0.54 0.19 0.13 0.05 0.09 0.78 0.07 -7.79 -55.23
11 0.58 0.22 0.17 0.05 0.13 0.91 0.09 0.013 -7.76 -54.96
17 0.57 0.20 0.15 0.05 0.10 0.90 0.10 0.014 -7.77 -54.92
22 0.64 0.22 0.16 0.05 0.11 0.96 0.09 0.010 -7.93 -55.74
23 0.61 0.21 0.16 0.05 0.11 0.93 0.10 0.002 -7.70 -54.23
39 0.69 0.31 0.22 0.07 0.15 0.95 0.20 0.013 -7.50 -53.80
44 0.71 0.38 0.27 0.09 0.18 0.72 0.40 0.014 -7.34 -52.79































































4 SGW irrigation 545905 1172180 2010 40 28.8 -404 0.752 7.05
5 SGW irrigation 544425 1175564 2014 45 28.7 -381 0.594 7.16
6 SGW irrigation 545211 1176939 2013 25 29.2 -88 7.52 6.74
7 SGW irrigation 545163 1176980 2014 48 29.1 -218 5.04 6.80
12 SGW irrigation 572747 1151467 1999 20 29.6 -249 1.774 6.74
13 SGW irrigation 572942 1151403 1996 60 30.1 -108 1.97 6.84
19 SGW house 546639 1167499 2012 26 28.9 -400 1.065 6.86
20 SGW house 546625 1167310 2008 56 29.3 -361 1.511 6.79
21 SGW irrigation 546267 1166860 2008 20 28.7 -389 1.093 7.04
22 SGW house 545927 1166635 1995 51 29.1 -411 0.897 7.31
23 SGW house 544052 1167922 2004 32 28.9 -395 0.859 7.13
25 SGW irrigation 542648 1168991 2010 24 28.4 -402 1.009 7.01
27 SGW irrigation 538331 1174575 2008 32 29.1 -401 0.834 7.04
28 SGW house 539672 1180868 2004 15 28.7 -401 0.458 7.09
29 SGW house 541900 1178439 2005 25 28.9 -377 0.487 6.88
30 SGW house 543209 1174680 2000 60 28.9 -259 4.49 6.71
31 SGW house 547532 1169908 2000 65 29.4 -191 4.7 6.29
33 SGW irrigation 542562 1180297 2005 11 28.9 -390 1.545 7.01
34 SGW house 542549 1180287 2011 40 28.1 -401 1.236 6.93
37 SGW house 547656 1205026 2014 16 29.2 -245 0.927 6.54
40 SGW house 546744 1211513 2011 50 29.9 -199 0.97 5.71
44 SGW house 553882 1194286 2013 30 29.4 -200 1.407 6.41
46 SGW house 559994 1176538 2013 52 29 -159 2.86 6.37
52 SGW house 570314 1164190 2014 80 29.4 -229 3.26 6.41
55 SGW house 569410 1169889 2004 48 28.9 -214 1.409 6.28
56 SGW house 586446 1163438 2011 50 28.3 -204 2.45 6.19
58 SGW house 586152 1177595 2012 40 28 -141 2.72 6.37
60 SGW house 591494 1165014 2000 45 28.8 -212 1.648 6.45
62 SGW house 573376 1145597 1994 85 30.5 -222 1.81 6.87
64 SGW house 579180 1145597 1993 64 29.7 -221 2.61 6.59
67 SGW house 577592 1127887 2007 100 29.5 -249 0.736 6.85



























14 DGW supply 573495 1153919 2000 400 36.6 -165 0.651 7.78
15 DGW supply 579764 1149511 2004 270 36.6 -333 0.669 8.00
17 DGW supply 588579 1142012 2010 400 42.5 -327 0.782 7.88
32 DGW supply 542583 1180553 2005 268 35.6 -277 0.888 7.13
38 DGW supply 547681 1205253 2013 184 31.3 -291 0.594 7.23
39 DGW supply 546869 1211806 2009 220 31.8 -183 0.731 7.31
45 DGW supply 563752 1172888 2005 360 36.7 -339 0.803 7.68
47 DGW supply 564919 1184037 2013 370 37.8 -307 0.459 6.88
48 DGW supply 562477 1179610 2005 325 35.4 -330 0.501 7.06
51 DGW supply 554846 1167581 2010 268 34.3 -335 0.497 6.97
53 DGW supply 569912 1172351 2003 256 33.7 -281 0.436 7.16
59 DGW supply 590439 1167470 2001 360 36.2 -141 0.508 7.47
63 DGW supply 573794 1149737 2008 348 36.5 -286 0.731 7.73
65 DGW supply 594323 1131547 2004 390 39.4 -230 0.557 7.84
66 DGW supply 584294 1134230 2014 450 40.3 -271 1.82 7.80
69 DGW supply 569813 1137744 2005 360 36.3 -171 1.25 7.62
1 RW 545564 1172233 26.5 -244 0.1708 7.94
2 RW 545564 1172233 26.5 -264 0.1723 8.10
3 RW 545564 1172233 27.3 -250 0.1707 8.06
9 RW 538447 1173397 26.4 -270 0.1677 7.29
10 RW 538447 1173397 26.4 -269 0.1661 7.88
11 RW 538447 1173397 26.4 -277 0.283 8.01
35 RW 536927 1194719 26.4 -117 0.189 7.74
61 RW 570540 1151499 26.4 -266 0.183 7.74
8 CW 545302 1175540 27 -290 0.1755 7.65
16 CW 582529 1154756 26.8 -132 0.255 7.34
18 CW 546149 1168880 25.9 -241 0.2 8.18
24 CW 543907 1167943 26.3 -150 0.182 7.14
26 CW 542631 1168800 26.9 -157 0.184 7.15
36 CW 540728 1199096 26.4 -283 0.1735 7.92
41 CW 546546 1208775 29.7 -145 0.195 7.71
42 CW 554693 1196155 27.2 -178 0.267 7.66
43 CW 556594 1188115 28.5 -124 0.2 7.43
49 CW 571634 1179402 27.5 -116 0.2 7.05
50 CW 558570 1175947 29.1 -80 0.196 7.01
54 CW 569402 1169761 26.2 -258 0.187 7.10












4 2.62 2.13 1.77 0.11 2.14 5.10 0.01 -8.41 -58.07
5 2.98 1.44 1.79 0.06 1.12 4.89 0.02 -7.20 -48.00
6 6.64 15.10 60.49 0.32 72.87 8.32 5.74 -7.42 -50.26
7 2.14 6.06 43.83 0.15 41.17 6.78 4.12 -7.18 -48.97
12 4.61 4.86 6.84 0.04 13.55 2.56 0.36 -7.41 -51.59
13 5.99 5.63 7.51 0.03 16.49 2.60 0.98 -7.18 -51.04
19 3.87 2.28 1.95 0.20 0.59 8.50 0.02 -7.01 -46.83
20 4.10 4.15 7.45 0.22 5.96 9.78 0.23 -8.95 -61.41
21 7.93 2.85 2.27 0.12 0.20 12.27 0.01 -9.15 -64.76
22 2.06 2.80 3.83 0.13 1.22 7.59 0.01 -8.86 -62.83
23 4.66 2.51 2.09 0.13 0.98 8.13 0.00 -5.94 -40.04
25 4.80 1.90 3.16 0.16 0.56 10.45 0.01 -8.76 -61.43
27 4.42 1.54 1.34 0.12 0.56 7.17 0.00 -8.54 -61.10
28 1.69 2.37 0.47 0.06 0.33 4.04 0.01 -8.65 -60.69
29 1.78 1.13 1.68 0.07 0.80 3.96 0.01 -7.89 -55.81
30 1.83 3.08 40.20 0.37 38.71 6.92 1.77 -7.37 -51.16
31 8.52 10.88 29.63 0.23 44.23 2.65 2.48 -7.00 -50.37
33 3.16 2.43 8.76 0.25 7.03 8.34 0.12 -7.16 -49.98
34 3.75 1.66 6.73 0.15 4.59 8.59 0.01 -7.23 -49.92
37 3.18 3.44 3.63 0.07 3.64 5.15 0.64 -4.42 -29.91
40 1.58 2.78 4.38 0.11 4.70 0.96 2.61 0.042 -4.92 -35.03
44 2.28 9.19 5.13 0.55 2.33 2.74 10.43 0.130 -4.73 -30.55
46 6.16 9.71 14.67 0.13 25.60 2.69 2.28 -6.73 -47.17
52 4.81 5.72 20.32 0.13 30.01 1.33 2.95 -6.41 -44.60
55 1.18 2.63 9.73 0.11 9.99 2.83 1.06 -7.03 -49.64
56 6.41 10.00 8.94 0.11 20.91 3.20 1.30 -7.20 -49.67
58 2.51 5.34 18.99 0.20 22.87 2.84 1.26 -6.67 -45.95
60 3.08 4.97 8.26 0.13 11.35 3.05 2.49 -6.77 -46.63
62 6.08 4.80 7.07 0.03 14.67 3.42 0.85 -7.66 -54.05
64 7.57 8.35 10.42 0.09 23.77 2.30 1.46 -6.93 -48.56
67 1.19 1.89 4.57 0.14 2.17 4.36 1.82 -6.19 -43.30








































14 0.91 0.47 5.74 0.06 1.01 4.71 1.33 0.116 -7.21 -49.82
15 0.66 0.35 6.22 0.06 0.50 5.13 1.01 0.019 -7.31 -49.72
17 0.36 0.07 8.07 0.05 1.41 5.93 0.43 0.005 -7.44 -52.11
32 1.55 0.57 7.16 0.06 3.37 4.30 0.83 0.000 -7.55 -53.67
38 1.50 0.68 4.32 0.08 1.29 4.20 0.46 0.022 -6.93 -49.45
39 1.41 0.55 5.28 0.08 1.72 4.42 0.50 -7.06 -50.07
45 1.36 0.58 6.60 0.08 2.67 4.54 0.75 0.060 -6.94 -50.00
47 1.17 0.82 2.62 0.14 0.64 2.51 1.29 0.063 -6.61 -47.58
48 1.22 0.70 3.42 0.12 0.98 3.38 0.58 0.021 -6.45 -46.49
51 0.76 0.43 4.10 0.13 0.42 4.06 0.46 0.019 -6.43 -46.55
53 0.75 0.53 3.35 0.10 0.50 3.38 0.42 0.023 -6.12 -44.52
59 0.47 0.32 4.86 0.11 0.39 4.52 0.34 -6.90 -47.23
63 0.65 0.37 6.85 0.09 1.33 4.64 1.19 0.048 -7.12 -50.18
65 0.50 0.26 8.17 0.05 1.90 5.53 0.69 0.024 -7.48 -51.33
66 1.40 0.62 16.08 0.15 11.08 5.61 0.46 0.174 -7.45 -50.32
69 0.72 0.31 12.40 0.08 4.52 6.43 1.53 -6.94 -48.49
1 1.02 0.46 0.28 0.04 0.21 1.18 0.24 0.019 -7.08 -51.35
2 1.01 0.45 0.28 0.04 0.21 1.16 0.24 0.019 -7.08 -50.97
3 1.02 0.46 0.28 0.04 0.21 1.17 0.24 0.019 -6.95 -51.85
9 1.01 0.45 0.27 0.04 0.20 1.17 0.23 0.018 -7.00 -50.98
10 1.02 0.46 0.27 0.04 0.20 1.21 0.23 0.019 -6.95 -51.44
11 1.01 0.45 0.27 0.04 0.21 1.15 0.23 0.019 -7.00 -50.93
35 1.09 0.48 0.32 0.04 0.25 1.25 0.28 0.020 -7.06 -50.97
61 1.04 0.46 0.28 0.04 0.21 1.24 0.24 -7.11 -51.68
8 0.99 0.45 0.28 0.04 0.22 1.15 0.24 0.026 -6.94 -51.37
16 0.93 0.46 0.32 0.05 0.24 1.05 0.30 0.067 -6.52 -49.13
18 1.01 0.46 0.27 0.04 0.23 1.17 0.25 0.022 -6.98 -52.22
24 1.04 0.47 0.29 0.05 0.22 1.40 0.23 0.143 -6.91 -51.66
26 1.05 0.47 0.30 0.05 0.22 1.18 0.28 0.035 -6.97 -51.91
36 1.03 0.46 0.29 0.04 0.22 1.17 0.25 0.043 -7.03 -52.57
41 0.91 0.47 0.45 0.12 0.47 0.97 0.29 0.044 -3.67 -30.30
42 1.04 0.54 0.30 0.05 0.22 1.14 0.24 0.526 -6.96 -51.56
43 0.98 0.51 0.38 0.05 0.31 1.04 0.36 0.074 -6.46 -49.00
49 1.00 0.51 0.38 0.06 0.31 0.92 0.37 0.359 -6.17 -45.72
50 1.06 0.52 0.36 0.05 0.29 1.05 0.39 0.070 -6.37 -47.25
54 1.02 0.51 0.33 0.04 0.24 1.01 0.37 0.183 -6.40 -46.32
57 0.98 0.56 0.40 0.07 0.27 0.92 0.56 0.067 -6.58 -45.49
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